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INTRODUCTION 
Each chemical element follows a unique route in its cycle through 
the ecosystem. Likewise, trace elements have a variety of pathways by 
which they move through the environment. The soil-plant-animal-man 
pathway is of great importance to human health concerns. Because of 
their potential toxicity to living systems, the cycling of several trace 
metals (including Cd, Cu, Ni, Pb, and Zn) through the soil-plant path­
way has received much attention. Inputs of trace metals to soils by 
man through industrial wastes or agronomic practices, including trace 
metal fertilizers, fertilizers, or liming materials containing trace 
metal impurities, and sewage sludge application to lands may result in 
harmful concentrations of these metals in crops. Therefore, knowledge 
of the chemical processes in soils that govern trace metal availability 
and mobility and chemical methods that provide evaluation of trace metal 
levels in soils are of importance. 
Although a wide variety of chemical methods for accessing trace 
metal availability in soils is available, evaluation of the threat of 
accumulation of toxic metals is difficult and dependent upon many 
factors. Determination of total metal content in soils can be used to 
monitor changes in the food chain and potential detrimental effects of 
these metals on plants, animals, and man. 
Because of environmental restrictions, economic considerations, 
and increased production of municipal sewage sludge, land application 
of sewage sludge is expected to continue to increase (Adriano, 1986; 
2 
NAS, 1977). Although sewage sludge contains beneficial plant nutrients, 
repeated application may result in toxic amounts of trace metals in 
soils. Determination of total metal content in sewage sludge is 
commonly performed to (1) determine its suitability for land applica­
tion and (2) determine the amount of sewage sludge that can be applied 
to land over a period of time (or the cumulative loading rate of the 
sewage sludge). 
A variety of instrumental methods for determination of total metals 
in soils and sewage sludges is available. However, few of these methods 
offer simultaneous determination of several trace metals that are free 
of interference from the chemical matrix of the sample. 
In 1975, Small et al. reported on the use of a novel ion-exchange 
method using conductimetric detection for the simultaneous determina­
tion of anions, alkali or alkaline-earth metals. Small et al. (1975) 
coined the term "ion chromatography" (IC) to describe this technique. 
Since then, research in this area of liquid chromatography has made 
significant advances in refining the technique of ion separation and 
in development of detection systems. Recently, determination of tran­
sition and heavy metals in standards has been reported (Slingsby and 
Riviello, 1983; Dionex, 1984; Weiss, 1986). Among the advantages of 
these IC systems for determination of metals are: (1) separation of 
metals from sample matrix before measurement thereby eliminating poten­
tial matrix interferences, (2) excellent sensitivity and low detection 
limits, and (3) simultaneous multielement determination. Although 
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application of IC for metal determination in soils would be useful, no 
information on the use of IC for determination of transition and heavy 
metals is available. 
Cropping systems have profound effects on chemical, biological, 
and physical properties of soils. In addition, crop rotation and soil 
management practices affect soil properties such as pH, cation-exchange 
capacity, and soil organic matter. Therefore, crop rotation and soil 
management practices could have a profound effect on trace metal avail­
ability and mobility in soils. For example, addition of liming 
materials has been used extensively as a soil management practice to 
decrease trace metal availability and mobility by raising the soil pH 
(Allaway, 1968; Adriano, 1986). Although information is available on 
the effect of cropping systems on several soil properties, there is 
little information on the effect of cropping systems on metal adsorp­
tion by soils. 
Therefore, the objectives of this work were: (1) to develop a 
method for determination of total metals in soils by IC, (2) to evaluate 
this method for determination of total metals in sewage sludges, and 




A wide range of metals is present in soils. These range from rare 
metals, such as Au that is present in concentrations of <1 ppm, to A1 
that is present in concentrations of >8% (Adriano, 1986; Sposito, 1989). 
In general, metals constitute >25% of soil by weight (Mitchell, 1955). 
Eight elements, Al, Ca, Fe, K, Mg, Mn, Na, and Ti, comprise the majority 
of the metals found in soil. These metals occur in percentages of >0.1% 
by weight and frequently occur in percentages >1% of the soil by weight 
(Isaac and Kerber, 1971). The remaining metals found in soil occur in 
percentages of <0.1% and are commonly found at concentrations of <100 
ppm in soil (Bowen, 1979) and are referred to as trace metals. Trace 
metals have been defined as elements with concentrations in soil of <100 
ppm (Sposito, 1989) or as metals present at <0.1% in the lithosphere, 
<0.01% in organisms, or rarely exceeding 20 ppm in foodstuffs (Adriano, 
1986). Other terms used to describe trace metals are "trace elements," 
"heavy metals," "micronutrients," "minor elements," "microelements," 
and "trace inorganics." These terms are used in chemistry, plant 
nutrition, and environmental sciences and often appear in the soil 
science literature. When defining these elements, authors have tried 
to express an idea rather than an exact percentage. That idea is stated 
well by Adriano (1986) that "trace metal" refers to "metals that occur 
in natural and perturbed systems in small amounts and that, when present 
in sufficient concentrations, are toxic to living organisms." 
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The amount of trace metals in the lithosphere varies greatly with 
respect to the rock and mineral composition. However, it is known that 
certain trace metals preferentially concentrate in certain igneous 
rocks; i.e., some trace metals accumulate in certain igneous rocks while 
other metals accumulate in others. This preferential concentration is 
directly related to the ionic radii, ionic charge and charge density 
of the metal, and the crystal structure of the rock-forming mineral 
(Krauskopf, 1979; Mitchell, 1955). The weathering of igneous rocks 
has given rise to sedimentary rocks that dominate the surface of the 
earth. This has led to soil parent materials with trace metal 
compositions that vary widely dependent upon the type and extent of 
weathering of the material from which they formed. Furthermore, the 
soil content of trace metals parallels the content found in the parent 
materials (Baker and Chesnin, 1975; Krauskopf, 1979; Mitchell, 1955; 
Sposito, 1989). 
The amount and distribution in soil of trace metals are also 
dependent upon the biogeochemical cycle of the ecosystem in which it 
occurs. Although biological systems have been known to be adapted to 
low levels of trace metals in their respective environments, this 
delicate balance may be disrupted by land enrichment of these metals 
by man. Inputs of trace metals by man include fertilizers, lime, sewage 
sludges or manure, coal residue and fly ash, and mining and smelting 
(Haque and Subramanian, 1982). 
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Phosphorus fertilizers derived from rock phosphates contain varying 
amounts of trace metals. Liming materials also contain trace metals 
which vary dependent upon its origin. Agricultural crops require 
significant inputs of both P fertilizer and lime, which could lead to 
increases in trace metal content of soils (Adriano, 1986). 
Land disposal of sewage sludge has increased as an alternative to 
disposal in the ocean or as an alternative to the high cost of incinera­
tion (Adriano, 1986). Because industrial waste is mixed with domestic 
waste, these sludges are enriched with trace metals. Although sewage 
sludge has nutritional benefit to crops by supplying N, P, and S, 
accumulation of trace metals from repeated sludge application may reach 
toxic levels in soils (Haque and Subramanian, 1982). 
Goal residue and fly ash produced from electric power utilities 
is estimated to be 70 x 10^ tonnes annually (Adriano et al., 1980). 
Industrial utilization of fly ash is <20% of the total produced and much 
of the rest is discarded by land disposal. Furthermore, land applica­
tion of fly ash has been evaluated as a nutrient and liming source for 
agricultural crops (Capp, 1978; Elseewi et al., 1986). The elevated 
levels of trace metals in fly ash may lead to dangerous metal accumula­
tions in soil (Adriano et al., 1980; Page et al., 1979). 
Mining and smelter-refining processes can result in significant 
land contamination by trace metals via atmospheric discharges and land 
disposal of tailings. This can result in land contamination within 
several kilometers of the source (Ragaini et al., 1977). 
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The majority of the large quantities of several mined trace metals, 
namely Cd, Cu, Ni, Pb, and Zn, will ultimately be deposited in the 
terrestrial environment which has resulted in much concern (Nriagu, 
1984). Biomagnification of these metals in the food chain from agri­
cultural crops or animal products can present a threat to human health 
(Adriano, 1986; Baker and Chesnin, 1975; Haque and Subramanian, 1982). 
Furthermore, elevated levels of trace metals may lead to yield reduc­
tions or senescence of crops grown on affected soil or even result in 
transport of these metals from soils to the surface or groundwater, 
especially in acid soils (Page et al., 1981). 
Evaluation of the threat of accumulation of toxic metals in soils 
is difficult and dependent upon many factors. The availability of these 
metals to crops is complicated by their distribution in the soil profile 
and the chemical forms in which they occur. Several metals, such as 
Cd, Cu, and Pb, accumulate in the surface soil horizon because of their 
strong association with organic matter and low mobility. Others, such 
as Ni, show no discernible pattern; whereas Zn shows a relatively 
uniform total concentration pattern (Adriano, 1986). In addition to 
their distribution in the soil profile, the chemical forms and species 
of these metals affect their availability to plants. General categories 
of trace metal forms include precipitated, such as carbonates or 
phosphates, exchangeable, bound to organic matter, occluded in mineral 
lattices, adsorbed, and soluble (Sposito, 1989). The large number of 
extractants used in evaluating trace-metal availability to crops 
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reflects the complexity of the chemistry of these metals in soils (Lake 
et al., 1984; Page, 1982). The method chosen to assess trace-metal 
availability will also depend upon the plant species, soil type, and 
other factors (Baker and Chesnin, 1975). Although total metal content 
of soils is not a good indicator of phytotoxicity, availability, or 
mobility (Adriano, 1986), nevertheless it can be used to assess changes 
in the food chain and potential detrimental effects on animals and man 
(Baker and Chesnin, 1975). Furthermore, routine determination of total 
trace metal in soils can provide baseline data of natural abundance 
levels and/or be used to monitor accumulation from anthropogenic 
sources. 
Determination of Total Metals in Soils 
Methods commonly used for determination of total metals in soils 
can be divided into two categories: (1) direct analysis of the soil 
sample without chemical separation or pretreatment and (2) methods which 
require sample decomposition and digestion using chemical reagents 
followed by analysis of the soil digest. Direct analysis methods such 
as emission spectroscopy, neutron activation analysis, and x-ray 
fluorescence spectroscopy have the advantages of simultaneous multi­
element analysis with minimal sample preparation and have been used 
successfully for determination of total trace metal content in soils 
(Black, 1965; Page, 1982). 
Emission spectroscopy is based on the principle that excitation 
of metals results in emission of light with characteristic spectra for 
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each metal. The intensity of the light emitted is proportional to the 
concentration of the metal in the sample. Earlier methods used for 
determination of metals in soils employed electrical discharge between 
two electrodes by either direct current (DC) arc or alternating-current 
(AC) arc. DC arc uses thermal energy, whereas AC arc uses electrical 
energy for excitation. Although determination of total trace metal 
content of soils is feasible by DC and AC arc emission spectroscopy, 
most applications have been for geological samples. Application of 
these methods for soil samples has been limited to the determination 
of major metal constituents in soils. Because of its higher 
sensitivity, DC arc emission spectroscopy is usually the method of 
choice. However, low precision of the DC arc usually renders the method 
semiquantitative (Sprecht et al., 1965; Soltanpour et al., 1982). 
Seeley et al. (1972) used DC arc emission spectroscopy for determina­
tion of total Pb in a wide variety of soils and compared the results 
with those.obtained by atomic absorption spectrophotometry (AA). They 
found that the results of the total Pb by the two methods agreed within 
20% and that the precision of the emission method was 12% for replicated 
analyses. They concluded that although the emission method was less 
precise than AA it permitted larger numbers of samples to be analyzed 
per unit time. 
Neutron activation analysis (NAA) can be used for determination 
of most trace metals in soils without chemical digestion or separation. 
In NAA, the sample is bombarded with thermal neutrons resulting in 
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converting the chemical elements to their radioactive isotopes. 
Subsequently, the gamma radiation released during the decay of the 
radioactive isotopes is measured. The concentration of the metals in 
the sample is calculated from the wavelength and intensity of the 
measured radiation. The energy levels of the gamma radiation are used 
to identify the metal. The intensity, measured in counts/rain, of the 
sample is compared with irradiated standards to determine the concentra­
tion of the metal. Samples and standards are irradiated together for 
the same length of time. Both the energy and the intensity level of 
the gamma radiation are commonly measured by a solid-state germanium, 
lithium-drifted detector (Ge (Li) detector). Koons and Helmke (1978) 
determined 25 trace elements in four standard Canadian soils by this 
method with a high degree of precision. Salmon and Cawse (1983) 
reported accurate determination of total content of a variety of metals 
in seven topsoils from southern England. They reported that the average 
minimum detectable level of total metal in these soils to be 4, 4, 30, 
and 4 pg g~^ for Cd, Cu, Ni, and Zn in soil, respectively. However, 
they noted that the sensitivity and detection limit was dependent upon 
the signal-'to-backgrdund noise ratio, which varied with each element 
and each soil type. Determination of total Pb in soil was not possible 
by NAA. 
Although NAA should be useful, there has been limited use of this 
method for determination of total metal in soils as summarized by Salmon 
and Cawse (1983). There are several reasons for this limited use. 
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These include the availability of the irradiation source and the 
required expertise and training of the professional personnel. Among 
these, the availability of a uniform high-intensity thermal neutron flux 
source is the most important. As of today, nuclear reactors are the 
only sources that satisfy this criteria, and irradiation facilities are 
not readily accessible. Furthermore, the analyst should be highly 
trained with a solid background in analytical and nuclear chemistry and 
spectroscopy and support instrumentation (Helmke, 1982). 
Improvements in the last two decades in x-ray fluorescence 
spectrometry (XRF and XRFS) have led to a general acceptance of this 
method for determination of trace metals in geological materials and 
soils by direct analysis (Jones, 1982). In this method, soil samples 
are irradiated with x-rays that give rise to secondary or fluorescent 
x-rays. Each element produces a characteristic spectrum of secondary 
x-rays that are used for identification. Instrumentation used for the 
collection and detection of the spectrum can be divided into two 
different categories; wavelength-dispersive x-ray fluorescence 
spectrometry (WDXRF) and energy-dispersive x-ray fluorescence 
spectrometry (EDXRF). In the former method, the secondary x-rays are 
dispersed by a crystal onto the detector. Rotation of the crystal 
allows selection of different wavelengths that allow spectral lines to 
be measured individually. Secondary x-rays are measured directly by 
a solid state Si(Li) detector in the energy-dispersive method. 
Although WDXRF has been employed for trace metal analysis in soils as 
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reviewed by Wilkins (1983), many of these analyses are at best 
semiquantitative. Quantitative analysis of trace metals can be realized 
when: (1) proper correction is made for the differences between the 
x-ray absorption of standards and the sample matrix, (2) corrections 
are made for spectral interference arising from overlapping spectra, 
and (3) careful attention is paid to sample preparation (Jones, 1982; 
Wheeler, 1988; Wilkins, 1983). However, XRF may not be appropriate for 
determination of total Pb, Cd, and several other trace metals because 
the natural abundance of these metals in soils may be below the detec­
tion limits of XRF (Wilkins, 1983), Low trace metal concentration in 
soils would require digestion of the soil samples and preconcentration 
of the metals by an extraction technique before their subsequent 
determination by XRF (Bradford et al., 1965; Wilkins, 1983). 
Sample digestion 
A wide variety of chemical methods have been reported for determi­
nation of total metals in soils. Although the procedures commonly used 
are dependent upon the metal of interest and vary considerably, these 
methods can be divided into two general categories: fusion and wet 
digestion. In fusion, the soil sample is mixed with a chemical flux 
and the mixture is heated until a melt is obtained. The melt is allowed 
to cool and is dissolved in a strong acid such as HgSO^ or HCl. The 
most common chemical flux used for soil decomposition includes the use 
of sodium carbonate (NagCOg) (Kanehiro and Sherman, 1965; Lim and 
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Jackson, 1982) or use of lithium metaborate (LiBOg) (Medlin et al., 
1969). Although NagCOg fusion has been recommended for total elemental 
analysis of soils, it is not well adapted for determination of some 
trace metals (Baker and Amacher, 1982; Burau, 1982). Scott and Thomas 
(1977) compared NagCOg fusion with two wet chemical digestion methods 
for determination of total Pb, Cu, and Cd in soils. They found the 
results obtained by using the NagCOg method were lower than those 
obtained by digestion with HNO^, HCIO^, HgSO^, and/or HF for all three 
metals, especially Cd and Pb. The precision of the fusion method was 
also inferior to that of the wet chemical digestion methods. 
Fusion procedures usually are not recommended for determination 
of total Na, K, Mn, Cd, and Pb in soil because the high temperature used 
may result in volatilization losses of these metals (Doty et al., 1982). 
Fusion using LiBOg has been employed successfully for determination 
of total metals in geological materials such as silicate minerals 
(Medlin et al., 1969; Suhr and Ingamells, 1966). Nuhfer and Romanosky 
(1979) found that the loss of Pb from standard rock samples and soils 
could be prevented by maintaining the fusion temperature below 1100°C. 
However, for volatile metals where loss occurs at a much lower tempera­
ture, such as Cd, which volatilizes above 450°C (Baker and Amacher, 
1982), fusion cannot be used for total Cd in soil and a wet chemical 
method should be employed. 
Most wet chemical methods use a combination of strong acids such 
as HNOg, HCIO^, HgSO^, and HF to decompose and dissolve the soil sample 
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(Baker and Amacher, 1982; Fiskell, 1965; Jackson, 1958). However, there 
is no agreement concerning which acids or combination of acids should 
be used and which procedure should be followed. This lack of 
standardization for sample digestion is best reflected in the latest 
edition of the book on Methods of Soil Analysis (Page, 1982). Sample 
digestion by wet chemical methods varies among the users. For example, 
at least three procedures have described sample digestion for determi­
nation of Pb (Burau, 1982; Lim and Jackson, 1982; Soltanpour et al., 
1982). There are, however, general principles involved in these 
methods. Organic matter is decomposed by low temperature (400°C) in 
a muffle furnace or by use of HNO^, HCIO^, or 30% HgOg. Subsequent 
digestion of other soil components is accomplished by using HNO^, HCIO^, 
HgSO^, or a combination of these acids at high temperatures. 
Hydrofluoric acid is then used to react with silicates to generate 
silicon tetrafluoride (SiF^) gas, thereby releasing lattice metals to 
the acid digest (Pratt, 1965). Treatment with HF usually results in 
precipitation of fluoride salts, such as CaFg. This may cause copre-
cipitation of some trace metals. The fluoride salts can be redissolved 
by adding concentrated HCl (Lim and Jackson, 1982) or by shaking the 
digest with boric acid (Bernas, 1968; Buckley and Cranston, 1971). 
Carlton-Smith and Davis (1983) conducted an interlaboratory comparison 
of different wet chemical digestion methods for determination of total 
Cd, Cr, Cu, Ni, Pb, and Zn in sludge-treated soils. Sixty-three 
laboratories reported results for five chemical methods by using 
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HNOg, HNO3 + HgOg, HNO3 + HCl, HNO3 + HCIO^, or HNO3 + HgOg + HCl. The 
effect of initial dry ashing to destroy organic matter was also studied. 
They concluded that the choice of acids in the wet digestion method made 
little difference. However, only one sludge-treated soil was included 
in this investigation. Initial dry ashing was found to result in a 
negative bias of 29% for total Cd but had no effect on other elements. 
Harrison and Laxen (1977) studied digestion techniques by using a 
variety of different acids for determination of total Pb in soils. They 
concluded that the use of HF to dissolve siliceous materials was neces­
sary for determination of total Cu and Zn in soils. Results obtained 
for total Cu and Zn in four southern California soils by using HF or 
HCIO^ were lower than those obtained by using a mixture of both acids. 
Cao et al. (1984) investigated the use of three wet chemical methods 
for determination of six trace metals in untreated and sludge-treated 
soils. The three methods evaluated were extraction of soils with 4 M 
HNO3, digestion with HCIO^, and digestion with HCl, HNO3, and HF. Total 
metal content values obtained from the wet digestion method employing 
HF were greater than those obtained by using the other two methods. 
They found that in untreated soils approximately 50 and 75% of total 
metals (HF-decomposed) were recovered by 4 M HNO3 extraction and 
digestion and HCIO^, respectively. The results of total Cd, Cr, Cu, 
and Zn for both HCIO^ digestion and the digestion method using HF were 
in good agreement, but low recoveries of Ni and Pb were obtained by 
HCIO^ digestion as compared with the digestion that included HF. 
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Therefore, HF should be included in digestion methods to ensure 
determination of "total" metal in soils. 
Instrumental methods for digest analysis 
After sample decomposition, the total amount of metals in the 
sample digest may be determined individually or simultaneously. 
Before instrumental methods were developed for determination of 
metals, colorimetric methods were commonly used for determination of 
total Cu and Zn in soils. Fiskell (1965) recommended a colorimetric 
method by using the 2,2'-biquinoline method of Cheng and Bray (1953) 
for determination of total Cu in soils. In this method, 
2,2'-biquinoline reacts with Cu"*" to produce a purple-colored complex 
that can be measured at 540 nm. Cheng and Bray (1953) reported 
excellent agreement between results obtained by the biquinoline method 
with standard values for several National Bureau of Standards and USDA 
soil samples. In the same work, they reported development of another 
colorimetric method by using diethyldithiocarbamate. Similarly, 
excellent results were obtained for determination of total Cu in the 
same soils by using this method. 
Diphenylthiocarbazone, commonly referred to as dithizone, forms 
stable complexes with a variety of metals in aqueous basic solutions 
(Sandell and Onishi, 1978). Because metal dithizonates dissolution in 
neutral organic solvents is pH dependent, different metal dithizonates 
may be separated by careful control of the aqueous pH and choice of an 
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appropriate organic phase such as CCl^ or CHClg. Viets and Boawn (1965) 
reported that determination of total Zn in soil can be accomplished by 
a colorimetric method by using dithizone. Their method required as many 
as seven separate dithizone extractions to separate Zn-dithizonate from 
other metal dithizonates in the organic phase. Finally, the absorbance 
of the purple-colored Zn complex in CCl^ was measured to quantify the 
total Zn in the soil digest. Most of the colorimetric methods avail­
able for determination of trace metals, however, are tedious and time 
consuming and only allow determination of a single metal at one time. 
Spectrophotometric emission methods utilizing instrumentation 
permit rapid determinations of metal as compared with wet chemical 
procedures. Although optical emission methods were available in the 
1940s as an alternative to wet chemical methods, these methods generally 
were semiquantitative and were not used for trace metal analysis in 
soils (Sprecht et al., 1965). Furthermore, these methods (such as DC 
or AC arc emission spectroscopy) were designed for direct analysis of 
solids and were not well adapted for solution analysis. 
Barnes et al. in 1945 developed a simplified apparatus, the flame 
photometer, which was a significant development in the field of emission 
spectrometry. The flame photometric method employed direct measurement 
of emission line intensities and direct analysis of aqueous solutions. 
In flame photometry, the sample is aspirated into the flame. The flame 
performs two functions: (1) to vaporize and atomize the metals in the 
sample and (2) to serve as an excitation source for the metals. Earlier 
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flame photometers were used for determination of metals that have a 
large natural abundance in soils and were restricted to determination 
of alkali and alkaline-earth metals (Basta, 1984; Rich, 1965). Low 
flame temperatures generated by propane-air or air-acetylene flames were 
sufficient to excite alkali and alkaline-earth metals; however, many 
other metals could not be determined or had poor detection limits due 
to inadequate thermal energy required for excitation in the flame (Kahn, 
1966; Walsh, 1955). Furthermore, spectral interferences, self-adsorp- • 
tion, and chemical and ionization interferences limited application of 
flame photometry for metals. 
Walsh (1955) claimed the major problems associated with flame 
emission, such as spectral interferences and self-absorption, were 
inherent products of emission spectroscopy and could not be corrected. 
He suggested an opposite approach to atomic spectroscopy, namely 
measuring the atomic absorption spectra of metals in flame analysis. 
Based on theoretical considerations, he concluded that atomic absorption 
spectroscopy (AA) would be free of the many inherent problems of atomic 
emission spectroscopy (AES). Shortly after the introduction of AA 
theory by Walsh in 1955, Russell et al. (1957) constructed and described 
the first atomic absorption spectrophotometer. David (1960) was one 
of the first soil scientists to apply AA for metal analysis in soils. 
He found excellent agreement between AA and gravimetric and volumetric 
methods for determination of exchangeable Ca, Mg, Na, and K in 1 M NH^Cl 
soil extracts. Since then, AA has become the method of choice for 
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determination of metals in soil extracts or digests (Baker and Amacher, 
1982; Burau, 1982; Isaac and Kerber, 1971; Ure, 1983). Methods are now 
available that allow determination of as many as 18 elements in a single 
digest (Buckley and Cranston, 1971). 
The development of electrothermal atomization (ETA) techniques for 
vaporization and excitation of metals in the sample has improved the 
sensitivity and Extended the detection limit of AA for trace metals 
(Ure, 1983). This technique is also referred to as "flameless AA" or 
"graphite furnace AA" named after the heated graphite atomizer (HGA) 
in commercial instruments available from the Perkin-Elmer Corporation. 
In this method, an aliquot of sample digest is injected into HGA fol­
lowed by a three-stage heating process; (1) the solvent is evaporated 
at low temperature, (2) the temperature is increased to above the tem­
perature where organics and salts are volatilized, and (3) the tempera­
ture is increased rapidly to vaporize the analyte metals. Absoption 
of the vaporized metal is then measured to determine the concentration 
of metal in the sample digest. The increased sensitivity and lower 
detection limit of ETA-AA is a product of the increased residue time 
of the vaporized atoms in the optical path (Baker and Suhr, 1982; Ure, 
1983). 
Although AA was originally claimed to be virtually free of 
interferences (Kahn, 1966), numerous investigations have shown AA has 
many of the chemical and matrix interferences that are also common to 
AES. Mubarek et al. (1978) reported serious interferences in determi­
nation of trace metals in soil by AA. They found that the presence of 
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chlorides and sulfates in soil digests resulted in negative interfer­
ences for determination of Mn, Fe, and Ni. Also, they reported a 
spectral interference arising from Mg in the sample on Mn determination. 
Magnesium has a strong absorbing spectral line of 279.52 nm which is 
close enough to the Mn spectral line of 279.48 nm to cause positive 
interferences when determining Mn in the presence of high Mg concentra­
tions in soil digests. Major cation constituents (Fe, Ca, Mg, Na, K, 
and Al) present in acidic soil digests have been found to contribute 
significant background absorption resulting in positively biased results 
for determination of total Pb, Ni, and Cd in soils and geological 
materials (Govett and Whitehead, 1973; Waughman and Brett, 1980). 
Although background correction techniques are commonly used in commer­
cial AA instruments (Baker and Suhr, 1982), correction techniques are 
not adequate when the background absorption is greater than 10% of the 
sample metal absorption (USEPA, 1974). Therefore, solvent extraction 
procedures have been recommended to remove interfering constituents from 
the sample digest before determination of total trace metals by AA 
(Baker and Amacher, 1982; Burau, 1982). Williams et al. (1972) 
described the use of a solvent extraction by using dithizone for 
determination of total Cd in soils, plant materials, and fertilizers 
by AA. The solvent extraction served two purposes: (1) to remove Cd 
from interfering metals and salts and (2) to concentrate Cd by extract­
ing it from the aqueous acidic digest into a smaller volume of the 
organic phase (CHClg). Balraadjsing (1974) used two solvent extraction 
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procedures for determination of total Pb in soils by AA. First, excess 
Fe was removed from HNO^-HCl-soil digest with acetylacetone in CHClg 
followed by extraction with diethyldithiocarbamate (DDC) to isolate and 
concentrate Pb. 0ien and Gjerdingen (1977) used an extraction procedure 
by using ammonium pyrrolidine dithiocarbamate (APDC) in methyl i'âobutyl 
ketone (MIBK). This allowed extraction of both total Pb and Cd from 
soil digests for their determination by AA. 
Solvent extraction is also recommended to eliminate matrix inter­
ferences when determining several trace metals by flameless AA. Dudas 
(1974) reported the use of an APDC in MIBK solvent extraction for 
determination of total Cd in soils and geological materials. Dre and 
Mitchell (1976) reported determination of Cd in acetic acid-soil 
extracts after extraction by dithizone in CHClg solvent. They reported 
an improved detection limit of 1 ppb Cd and high precision with no 
evidence of interference. lu et al. (1979) used a dithizone in CHClg 
solvent extraction for determination of Cd, Co, Cu, Ni, and Pb in 
various soil extracts by flameless AA. 
Although earlier problems of AES methods were a product of the 
excitation and detection systems (Kahn, 1966; Walsh, 1955), improved 
flames and excitation sources and detection systems have renewed 
interest in determination of metals by AES. Pickett and Koirtyohann 
(1968) reported that the use of the nitrous oxide-acetylene flame of 
Amos and Willis (1966) improved the detection limit of AES to those of 
AA. However, significant advances have been made by use of Ar plasmas 
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as excitation sources for AES. One of these methods, inductively 
coupled plasma AES (also referred to as ICP-AES or just TCP), uses an 
Ar plasma sustained by inductive coupling in a high frequency magnetic 
field of up to 10,000°K as the excitation source (Soltanpour et al., 
1982). The higher temperature of ICP compared to gas combustion sources 
eliminates (1) chemical interferences due to dissociation and (2) self-
absorption phenomena and provides sufficient excitation energy for 
determination of trace and ultratrace elements (Fassel, 1977; Fassel 
and Kniseley, 1974). 
Scott and Kokot (1975) used ICP to determine Cu, Zn, Ni, and Co 
in "synthetic" soil solutions. They reported that a spectrometer with 
greater resolving power was needed to remove spectral interferences for 
determination of Pb. Jones (1977) reported simultaneous determination 
of Ca, K, Mg, and P in acidic soil extracts with sensitivity equal to 
or greater than that of flame AA. In the same work, they also reported 
the simultaneous determination of 16 elements, including Pb, for total 
analysis of plant material by ICP. Dahlquist and Knoll (1978) reported 
the simultaneous determination of 11 metals, including six trace metals 
in neutral, 1 M ammonium acetate and DTPA soil extracts by using ICP. 
The results obtained for these metals were in good agreement with those 
obtained by flame AA. Dissolved Al, Fe, Mg, Mn, and Ti in HF-HClO^-soil 
digests resulted in significant interference in determination of total 
trace metals in soils by ICP (Soltanpour et al., 1982). The interfer­
ing metals contributed to the signal of the analyte detector resulting 
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in elemental spectral interference and positively biased results. 
Correction of elemental spectral interference required; (1) identifying 
the interfering elements for each analyte and (2) determining the 
"apparent" concentration of the interfering element upon each analyte. 
This is accomplished by aspirating a pure solution of the interfering 
element and measuring emission at the analyte channel (detector). 
Soltanpour et al. (1982) suggested the use of computer programs and 
computers interfaced with direct readers to correct for interelemental 
interferences for determination of trace metals in soils by ICP. 
Because of its ability to determine many elements in a relatively short 
period of time, ICP has gained recognition and is used for routine metal 
determination in many laboratories. 
A decade ago, Fassel (1977) observed the decline of ICP-AES as a 
method for determination of trace elements and attributed this to, in 
part, complaints that "multichannel spectrometers are too complex, too 
cumbersome, .too difficult to keep in alignment and too expensive." 
However, 10 years later, ICP has reached the "general acceptance" status 
of an analytical method for determination of trace elements. Since 
then, 6000 ICP spectrometers have been installed by 30 different 
companies (Meyer, 1987). 
Ever since Small et al. (1975) reported their novel ion-exchange 
chromatographic method for simultaneous determination of cations, ion 
chromatography (IC) has become a rapid and sensitive technique for 
analyzing complex mixtures of ions. Although most applications for soil 
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analysis by IC have been limited to determination of anions in soils, 
several applications for cation analysis have also been reported 
(Tabatabai and Basta, 1989). Although IC systems for determination of 
trace metals in water samples have been described (Dasgupta, 1987; Fritz 
et al., 1982; Shpigun and Zolotov, 1988; Tarter, 1987; Weiss, 1986), 
no information is available on the use of IC for determination of trace 
metals in soils. 
Determination of Total Metals in Sewage Sludges 
The four major disposal methods of sewage sludge are: (1) disposal 
in the ocean, (2) landfilling, (3) incineration, and (4) land applica­
tion (CAST, 1976). Because of recent environmental restrictions (such 
as the U.S. Environmental Protection Agency's programs under the Clean 
Water Act and the Resource Conservation and Recovery Act) and economic 
considerations, land application of sewage sludge is expected to 
continue to increase (Adriano, 1986; Bailey and Zimomra, 1981). 
Furthermore, production of municipal sewage in the U.S.- in 1970 was 
7 X 10^ tonnes and is expected to double by the year 1990 (NAS, 1977) 
resulting in a greater amount of land application of sewage sludge. 
The chemical composition of sewage sludge is dictated by domestic 
and industrial sources and the type of treatment processes used by the 
municipal treatment plant of the area (Bailey and Zimomra, 1981). The 
chemical composition and metal content of sewage sludge from selected 
treatment plants in Sweden, England, and the U.S. were found to be 
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extremely variable and source dependent.(Page, 1974). Sommers (1977) 
reported the results of a regional study of eight states (six in the 
north-central region and two in the eastern region of the U.S.) for the 
chemical composition of 30 constituents in sewage sludges from approxi­
mately 150 treatment plants. Results from this study showed a wide 
variation in sewage sludge chemical composition. For example, the 
following ranges were obtained for total metals in mg kg Pb 
(13-19700), Zn (101-27800), Cu (84-10400), Ni (2-3520), and Cd (3-3410). 
Bailey and Zimomra (1981) reported the results of total content of Cd, 
Pb, Cu, Ni, and Zn in sewage sludges from 511 publicly-owned treatment 
works (POTW) located in 39 states and the District of Columbia. 
Similarly, they found a wide variation of metal content with the follow­
ing ranges for total metals in mg kg~^: Cd (0-1320), Pb (4-10800), Cu 
(8-23124), Ni (3-9450), and Zn (5-49000). To investigate the impact 
of industrial wastewater discharges to variability in the sludge compo­
sition, they determined statistics for 51 POTW with no known industrial 
inputs. Although they found that lower metal contents were prevalent 
in these sludges, the contents were still extremely variable with the 
following ranges for total metal in mg kg Cd (0-30), Pb (9-1200), 
Cu (0-2600), Ni (3-443), and Zn (59-49000). Tabatabai and Frankenberger 
(1979) reported results of the chemical composition of 30 constituents 
in sewage sludge from 44 Iowa communities. They concluded that the 
variable nature of the chemical composition of the sludges and presence 
of potentially harmful amounts of metals present in the sludges required 
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determination of chemical composition of each sludge before its 
application to agricultural land. 
Because of their low mobility in soils, repeated application of 
sewage sludge to soils may result in toxic amounts of trace metals. 
Based on their relative content in sludge and potential toxicity, the 
metals of primary concern are Cd, Cu, Zn, Pb, and Ni (Adriano, 1986; 
CAST, 1976). The presence of excessive amounts of these metals may 
depress crop yields and/or cycle in the food chain. Because of the 
cumulative nature of trace metal addition to soils from sewage sludge 
applications, determination of the suitability of land application of 
a specific sewage sludge is partly based on its metal content. In 
addition, because the chemical forms and extractabilities of trace metal 
in sewage sludge is dependent upon the treatment process (aerobic vs. 
anaerobic) (Bloomfield and Pruden, 1975), chemical criteria for deter­
mination of sludge suitability for land application is best established 
for total metal content. 
Guidelines used for sewage sludge suitability based upon trace 
metal content have been formulated in Ohio (Miller et al., 1979), 
Wisconsin (Keeney et al., 1975), and for the northeast region of the 
U.S. (Baker et al., 1985). The guidelines used by the latter were 
adopted by USEPA-USDA-USFDA (1981); selected criteria include sludges 
containing more than 2500 ppm Zn, 1000 ppm Cu, 1000 ppm Pb, 200 ppm Ni, 
or 25 ppm Cd should not be applied to farmland. In addition, maximum 
cumulative metal loading rates for soils based on texture is used to 
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determine the maximum amount of sludge that can be applied over a period 
of time. Therefore, it is apparent that routine determination of the 
total content of trace metals is essential for the disposal of sewage 
sludge by land application. 
Methods commonly used for determination of total metals in sewage 
sludge involve two steps. In the first step, the sample is decomposed 
either by a dry ashing technique followed by dissolution of the metals 
in strong acid or by wet digestion methods employing strong acids such 
as HNOg, HCIO^, and/or HgSO^ (Doty et al., 1982; Ellis et al., 1975; 
USEPA, 1974). Dry ashing temperatures must not exceed 450°C if total 
Cd is to be determined, otherwise volatilization losses will occur. 
Also, the use of HgSO^ after dry ashing or in wet digestion of the 
sewage sludge should be avoided for determination of total Pb to 
eliminate the loss of Pb by PbSO^ precipitation (Burau, 1982). 
Subsequently, the metals in the sample digest are determined by a 
spectroscopic instrumental method, such as AA or ICP. 
Total trace metals in sewage sludge digests can be determined 
individually by flame or flameless AA. Flame AA should be employed for 
metals in moderate to high concentrations in the sample digest. Very 
low trace metal concentrations in sludge digests can be determined by 
a preconcentration technique using solvent extraction before flame AA 
or by analysis using flameless or heated graphite analysis (HGA) AA. 
Preconcentration of trace metals by solvent extraction using 
pyrrolidine dithiocarbamate (APDC) in methyl isobutyl ketone (MIBK) is 
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usually recommended (Baker and Amacher,. 1982; Ellis et al., 1975; USEPA, 
1974). The commonly recommended APDC-MIBK solvent extraction has been 
shown by lu et al. (1979) not to be suitable for extraction of several 
trace metals from various soil extracts. They found that the use of 
APDC-MIBK solvent extraction resulted in an emulsion formed at the 
aqueous-organic interface. Therefore, lu et al. (1979) employed a 
dithizone in CHClg solvent for extraction of the metals. In addition 
to preconcentration, various solvent extraction procedures have been 
used to separate trace metals from interfering solution matrices before 
their determination by AA (Baker and Amacher, 1982; Balraadjsing, 1974; 
Burau, 1982; Williams et al., 1972). 
Flameless or HGA AA can be used for determination of very low 
concentrations of trace metals in sludge digests. In this method, 
electrothermal atomization (ETA) techniques used for vaporization and 
excitation of the metals in the sample have improved the sensitivity 
and extended detection limits of trace metals (Ure, 1983). However, 
significant background absorption from the sample matrix due to high 
salt concentration in sewage sludge extracts present in flameless AA 
requires the use of instruments which employ background correction 
techniques. In addition, a solvent extraction to separate trace metals 
from the sewage sludge digest before analysis by AA may be necessary 
to remove these matrix interferences (Ellis et al., 1975; lu et al., 
1979; Ure and Mitchell, 1976). 
29 
As discussed before, ICP has been used for determination of trace 
metals in soils, but little information is available about the use of 
this analytical instrument for determination of metals in sewage 
sludges. Similarly, the IC systems have been used for determination 
of anions (F~, Cl", NOg", NOg", S0^^~, and PO^^), alkali metals (Na* 
and K^), and alkaline-earth metals (Ca^^ and Mg^"*") in soils, plant 
materials, and water samples (Tabatabai and Basta, 1989). However, no 
information is available about the use of IC systems for determination 
of trace metals in sewage sludges. 
Ion Chromatography 
Chromatography is a general term applied to a variety of separation 
techniques where components are separated based on differences in their 
affinity for the stationary and mobile phases. One field of chroma­
tography which is widely used is liquid-liquid chromatography (LIXZ). 
This technique depends upon the partitioning of solute between two 
immersible solvents, of which one is bonded to a support (stationary 
phase) and the other passes over it (mobile phase). With the introduc­
tion of high pressure liquid chromatography (HPLC) in the late 1960s 
and its improvements in speed, resolution, and sensitivity, liquid 
chromatography became the fastest growing field in analytical chemistry 
(Johnson and Stevenson, 1978). This technique, which features the use 
of mechanical pumps to achieve a high flow rate through stainless steel 
columns packed with fine mesh resin, results in improvements in speed. 
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resolution, and sensitivity for determination of many nonvolatile 
compounds. Although most HPIX! work has involved the determination of 
organic compounds, application of HPI£ techniques for inorganic analysis 
and separation and determination of trace metals has increased within 
the last two decades. Most HPLC methods used for determination of trace 
metals operate by three different separation modes: (1) normal phase 
HPIXI, (2) reverse phase HPLC, and (3) ion exchange HPLC (for reviews, 
see Dasgupta, 1987; Schwedt, 1979), None of these methods, however, 
have been used for determination of trace metals in soils, plant 
materials, or water. 
In normal phase HPLC, the stationary phase is more polar than the 
mobile phase. Nonpolar organic solvents such as mixtures of hydro­
carbons, chloroform, and methylene chloride are used in the mobile 
phase. By contrast, reverse phase HPIC uses a nonpolar stationary phase 
and a polar mobile phase such as acetonitrile/water or methanol/water. 
Both normal phase and reverse phase HPLC systems have been widely used 
for determination of organometallic compounds and metal complexes with 
organic ligands. This topic has been reviewed by Dasgupta (1987), 
Nickless (1985), Schwedt (1979), Veening and Williford (1979), and 
Willeford and Veening (1982). Many of these applications involve 
separation of different organometallic compounds containing the same 
metal instead of separation of different metals. Also, the number of 
applications for separation and determination of different metals by 
using reverse or normal HPI£ separation modes are few as compared with 
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that by using HPIX] employing ion exchange as the separation mode 
(Dasgiipta, 1987). 
Ion exchange is probably the oldest separation and purification 
process in the literature, possibly dating back about 5,000 years to 
the time of Moses vAien he threw a decomposed log (ion-exchange resin) 
into a pool of brackish water at Marah (Johnson and Stevenson, 1978). 
More recently, Samuelson (1939) reported the separation of transition 
and heavy metals using ion-exchange chromatography. Since then, a large 
number of ion-exchange chromatographic methods have been reported (for 
reviews, see Korkisch, 1969; Rieman and Walton, 1970; Samuelson, 1963). 
Many of these methods employ resins of large particle size and require 
the addition of large volumes of sample. Elution and separation is 
achieved by gravity flow of the mobile phase and require collection of 
separate eluted fractions followed by manual determination of separated 
substances in each fraction. Improvements in ion-exchange resins and 
methodology have led to improved separation of metals; however, elution 
of metal species required as long as 30 min for each metal. In 1971, 
Seymour et al. reported on the design of a forced-flow liquid 
chromatograph and automatic spectrophotometric determination of metal 
ions separated by ion-exchange chromatography. They reported that use 
of this instrument reduced the average elution time to under 5 min per 
element. 
Small et al. (1975) published a novel ion-exchange chromatographic 
method using automatic conductimetric detection for the successful 
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determination of anions or cations. The chromatographic system 
described used two columns: a separator column wherein mixtures of 
ionic species are resolved, and a suppressor column wherein the conduc­
tivity of the background eluent is reduced and the conductivity of the 
analyte ions is increased before determination of conductimetric means. 
They reported the separation of anions by using sodium phenolate as an 
eluent. The suppressor column consisted of a high-capacity cation 
exchanger in the form that performed two functions: (1) to convert 
phenolate to phenolic acid that has a low conductivity and (2) to 
convert inorganic anions to their corresponding acids that have high 
conductivities. The difference in conductivity of the corresponding 
acid of the sample anion and the suppressed background was measured to 
determine the sample anion concentration. Similar systems were 
described for determination of alkali (Na"*", K^) or alkaline-earth (Ca^^, 
2+ 
Mg ) metals. Small et al. (1975) coined the term "ion chromatography" 
(IC) to describe this work, and they are credited with the birth of a 
new analytical technique. As a result, they were awarded the Pittsburgh 
Conference Award for Applied Analytical Chemistry (Tarter, 1987). 
Although Small et al. (1975) described an IC system for cation 
separation and determination, most of the development of IC was for 
separation and determination of inorganic anions. There are other 
analytical techniques such as AA for metal determination, but the 
methods available for determination of inorganic anions are tedious and 
prone to severe interferences. Reviews on determination of anions by 
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IC systems are available (Fritz et al.,. 1982; Johnson, 1987; Jupille, 
1987; Smith and Chang, 1980; Tarter, 1987). A review on determination 
of anions in soils by IC systems has been prepared by Tabatabai and 
Basta (1989) and will not be discussed here. 
Determination of Metals by Ion Chromatography 
As previously mentioned. Small et al. (1975) reported determination 
of alkali and alkaline-earth metals by using a dual-column ion chromato­
graphic (IC) method. In this work, dual-column referred to the use of 
a separator column and a suppressor or "eluent stripper" column. Alkali 
metals (Na*, K^) were separated by using dilute HCl as an eluent and 
a low-capacity cation-exchange resin (0.02-0.05 meq/g resin). The sup­
pressor column consisted of a high-capacity anion exchanger in the 0H~ 
form. This column has two functions: (1) to convert the HCl eluent 
to HgO, which has a low conductivity; and (2) to convert cations to 
their respective hydroxides, which have a high conductivity. Similarly, 
differences in conductivity of sample cation hydroxides and the 
suppressed background (HgO) are used to determine the alkali metal 
concentration. Because of their large affinity for the separator resin, 
alkaline-earth metals could not be separated using HCl as an eluent. 
However, use of Ag"*" as the displacing ion in AgNOg as an eluent allowed 
2+ 2+ 
separation of alkaline-earth metals (Ca , Mg ). The suppressor column 
consisted of a high-capacity anion exchanger in the Cl~ form, which 
reduced the conductivity of the eluent by precipitating Ag"*" ions as AgCl 
before conductimetric detection. 
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Nordmeyer et al. (1980) reported the use of BaClg, BaCNOgjg, and 
Pb(N0g)2 as eluents for determination of alkaline-earth and divalent 
transition metal cations by dual-column IC. They used an anion-exchange 
suppressor in the SO^ ~ form to precipitate the Ba or Pb ions of the 
eluent. The use of a third column, a exchange postcolumn inserted 
between the suppressor and the conductivity cell, was necessary to 
correct for a drop in pH when a sample peak eluted. The exchange 
postcolumn removed the sample cations from solution and replaced them 
with a highly conducting proton. Although this sytem allowed determi-
2+ 
nation of transition metals individually, poor resolution between Ca 
and some transition metals prevented simultaneous determination of 
alkaline-earth and divalent transition metals. Lamb et al. (1981) 
reported using Pb(N0g)2 as an eluent with an iodate suppressor (anion-
exchange column in the 10^ form) for determination of alkaline-earth 
metals and selected transition metals. Lamb and his co-workers found 
installation of a third column, a hydroxide-exchange postcolumn between 
the suppressor and the detector, increased the sensitivity for alkaline-
earth metals. However, this three-column IC system did not allow 
simultaneous determination of alkaline-earth and transition metals 
because the transition metals precipitated in the hydroxide postcolumn. 
The main disadvantages of this three-column IC system are; (1) the high 
backpressure generated by formation of precipitates in the suppressor 
column, and (2) the use of three columns resulted in peak broadening 
and decreased resolution of peaks with low sensitivity. 
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Shortly after Small et al. (1975) introduced the dual-column IC 
method, Fritz et al. (1980) reported the successful determination of 
cations by a single-column IC method that did not require the use of 
a suppressor column. In this method, a 3:2 blend of cation-exchange 
resin (0.017 meq/g) and unsulfonated polystyrene divinylbenzene was 
packed into the separator column. The low capacity of the resin allowed 
use of dilute eluents that exhibited low conductivity backgrounds. 
Although use of 1.25 nM HNO^ resulted in separation and determination 
of alkali metals, separation of alkaline-earth metals could not be 
achieved by using this eluent. Use of 1 mM ethylenediammonium nitrate 
eluent with a displacing ion of higher affinity than H"*", namely 
ethylenediammonium ion, resulted in separation and determination of 
alkaline-earth and several other divalent transition metals. 
Because many metals react strongly with organic-complexing ligands, 
such compounds have been used to aid in separation of metals. Elchuck 
and Cassidy (1979) reported separation and determination of 14 rare 
earth metals by using oc-hydroxyisobutyric acid (HIBA) eluent, post-
column derivatization, and spectrophotometric detection. In this work, 
separation was achieved by competition of the HIBA with the 
cation-exchange resin for the metal ions. Also, gradient elution, 
programmed to change concentration from 0.17 to 1 M HIBA from beginning 
to end of the analysis, was necessary for separation of these metals. 
Postcolumn reaction with [3-(2-arsenophenylazo)-4,5-dihydroxy-2,7-
naphthalene disulphonic acid trisodium salt] (Arsenazo I) was used to 
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convert the separated metals into forms.that absorb visible light. 
Spectrophotometric detection was accomplished by measuring the absorb-
ance of these complexes at 600 nm. 
Sevenich and Fritz (1983) used 2 x 10" M ethylenediammonium tar­
trate as an eluent for separation and determination of divalent metal 
ions and trivalent lanthanide cations by conductimetric detection. 
Eluents containing only ethylenediammonium nitrate or ammonium tartrate 
were ineffective for elution of these metals. This separation combined 
"the mass action 'pushing' effect of ethylenediammonium cation and the 
weak 'pulling' effect of the tartrate anion." They also reported that 
separations using HIBA with ethylenediammonium salt was less effective 
than the use of tartrate as the complexing ligand. Similarly, other 
systems using complexing agents in the eluent such as tartrate (Schmidt 
and Scott, 1984), EETA (Matsushita, 1984), lactic acid and 
2-methylacetic acid (Wang et al., 1984) among others (Dasgupta, 1987) 
have been reported. 
Slingsby and Riviello (1983) described the use of a mixture of two 
complexing agents, namely tartaric acid and citric acid, as an eluent 
for separation of divalent metal ions. In this work, a solution 
containing 40 nM tartaric acid + 12 raM citric acid (pH adjusted to 4.3 
with LiOH) was used for separation of seven divalent metal ions, namely 
Ni^"*", Zn^"*", Co^^, Pb^*, Fe^"*", Cd^"*", and Mn^"*". Separation was achieved 
by using a low-capacity cation-exchange column. Metal separation was 
based upon differences in their affinity for the separator resin and 
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the complexing ligands. Quantification .of the metals was achieved by 
postcolumn reaction with 4~(2-pyridylazo) resorcinol monosodium salt 
(PAR) by using a unique pressurized nonmetallic, membrane postcolumn 
reactor and a UV-VIS detector. Dasgupta (1987) and Weiss (1986) 
described postcolumn reactor systems developed by the author and Dionex 
Corporation, respectively. The PAR solution is delivered to the 
membrane reactor from a pressurized delivery system. Under pressure, 
PAR solution is forced to diffuse through a fiber membrane and into the 
eluent stream resulting in metal-PAR complexes. Compared with conven­
tional postcolumn mixing tees, membrane reaction offered significantly 
higher signal/noise ratios, resulting in extension of the detection 
limits of metal ions (Weiss, 1986). 
Metals can be separated by both cation and anion exchange reactions 
by using oxalic acid as an eluent (Dionex, 1984; Slingsby and Riviello, 
1983; Weiss, 1986). Oxalic acid serves three roles in metal separation 
in this system: (1) oxalic acid forms stable anionic metal complexes 
for some metals, (2) oxalate anion acts as a displacing ion competing 
with metal anionic complexes for exchange sites of the resin, and (3) 
oxalic acid competes with the resin for some metal cations by complex-
ation reactions. Furthermore, the resin used has both cation and anion 
exchange sites so that both cation exchange of metals and anion exchange 
of anionic metal oxalates are used for separation of the metals. 
Postcolumn reaction is accomplished by using PAR and UV-VIS detection. 
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Recently, Dionex (1984) described the separation of metals by 
purely anion-exchange reactions. The use of a strong chelating agent, 
pyridine-2,6-dicarbùxycylic acid (PDCA) as an eluent was used in this 
work. Unlike former chelating agents that competed with the resin for 
metal ions through complexation, PDCA forms strong stable anionic metal 
complexes. Separation is purely through anion exchange of these anionic 
metal complexes and PDCA anions. Similarly, determination of separated 
metals is accomplished by postcolumn reaction with PAR. 
Among the advantages of these IC systems for determination of mix­
tures of metals are: (1) separation of metals from the sample matrix 
before measurement thereby eliminating matrix interferences, (2) excel­
lent sensitivity and low detection limits, and (3) simultaneous multi­
element determination. • Application of IC for metal determination in 
soils would be useful, especially for resolution of matrix interference 
problems that commonly occur in metal determination by other methods 
such as AA (Baker and Suhr, 1982). However, application of IC for 
determination of metals in soils has been limited to determination of 
exchangeable alkali and alkaline-earth metals (Basta and Tabatabai, 
1985a) and soil extracts (Nieto and Frankenberger, 1985). Although 
determination of total alkali and alkaline-earth metals in plant 
materials by IC has been described (Basta and Tabatabai, 1985b), no 
information is available on determination of total metals in soils or 
waste materials by IC. Therefore, information on the use of IC for 
determination of metals, especially heavy metals, in soils is needed. 
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Factors Affecting Trace Metal Adsorption by Soils 
Trace metals are heterogeneously distributed in several forms in 
soils. Dissolved forms of metal occur in the soil solution as "free" 
metal, surrounded by a sheath of water molecules, or as inorganic or 
organic metal complexes. Otherwise, trace metals constitute part of 
the solid phases of the soil system. Metals in this category include 
lattice, adsorbed, or precipitated metals. Trace metals occur as an 
impurity in the lattice structures of primary and secondary minerals. 
Because their occurrence in mineral lattices is due to isomorphic sub­
stitution, the amount and type of trace metals in the lattice form is 
related to the parent material (Mitchell, 1955; Sposito, 1989). 
Adsorbed metal (i.e., metal that is located on the surface of the solid 
phases of soil) can be further subdivided into two categories: 
exchangeable and complexed metals. Exchangeable metal is held onto soil 
particles by electrostatic attraction between the metal and negatively 
charged soil colloids, whereas complexed metal is held onto soil 
surfaces by covalent bonding. Trace metals also occur as solid 
precipitated forms. Precipitated metal is distinguished from the 
adsorbed metal in that (1) precipitation implies a three-dimensional 
molecular structure, whereas adsorption onto a solid surface is a two-
dimensional phenomena, and (2) metal precipitates are much more defined 
chemical entities with more descript properties such as solubility 
products as compared with adsorbed metals (Barrow, 1987; Sposito, 1989). 
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The study of metal adsorption in soil encompasses many aspects of 
soil chemistry and has resulted in numerous studies during the past 25 
years. The large and diverse amount of literature on this topic is 
evident in recent reviews (Adriano, 1986; Ellis and Knezek, 1972; Hague 
and Subramanian, 1982). A variety of approaches have been used by 
researchers based on the objectives of their work in metal adsorption 
studies. These approaches can be categorized as the study of metal 
adsorption as they relate to (1) type of metal, (2) mechanism, (3) soil 
property, or (4) soil component. 
Adsorption of numerous trace metals by soil has been studied. 
Because application of sewage sludge may result in toxic levels of Cd, 
Cu, Ni, Pb, and Zn in soils, these five trace metals have received much 
attention. This is evident in the number of metal adsorption studies 
investigating one or a combination of these metals. 
The purpose of another group of trace metal adsorption studies has 
been the determination of the adsorption mechanisms. In general, metal 
adsorption in soils occurs by ion-exchange and covalent bonding 
mechanisms. Covalent bonding mechanisms include metals with mineral 
surfaces or metal complexation by organic matter. 
Other studies investigate the effect of soil properties upon metal 
adsorption. The three most commonly studied properties with respect 
to metal adsorption by soils are pH, cation-exchange capacity (CEC), 
and surface area. 
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Another approach evaluates metal adsorption by individual soil 
components such as organic matter or soil mineral type. Mineral type 
studies are subdivided into (1) permanent vs. variable charge clays or 
(2) aluminosilicate clay minerals vs. hydrous oxides. 
In order to comprehensively review the wide array of metal adsorp­
tion studies, this review will integrate soil component and soil 
property studies with regard to their effect upon the mechanism 
involved. The soil factors that affect metal adsorption are soil pH, 
soil CEC, soil organic matter, soil mineral type, soil solution compo­
sition, and the presence of competing cations in soils. 
Effect of soil pH 
In general, the majority of studies have shown that adsorption of 
metals increases with increasing pH. Barter (1983) studied the effect 
of pH on adsorption of Pb, Cu, Zn, and Ni in the surface and subsurface 
of two soils. Adsorption increased steadily with increasing pH, 
dramatically from pH 7.0 to 7.5. Kuo and Baker (1980) studied 
adsorption of Cu, Zn, and Cd by three acid soils. They found adsorption 
increased as pH increased until pH > 8, then dissolved organic matter 
reduced adsorption. Christensen (1984) studied adsorption of Cd at low 
concentrations on two Danish soils. He found in the pH interval 4 to 
7.7, adsorption capacity approximately tripled for each increase in one 
pH unit. 
Many authors have reported that metal adsorption, or directly 
related parameters such as distribution coefficients, can be described 
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by soil pH alone or as a combination with other soil properties. 
Gerriste and Van Driel (1984) measured distribution constants for Cd 
and Pb for 33 temperate soils. A significant log-log correlation was 
found between the distribution constants and soil organic matter and 
soil pH. Sharpless et al. (1969) studied retention of Zn by several 
arid zone soils. They found that the main factors that accounted for 
Zn retention were CEC and pH. Zimdahl and Skogerboe (1977) investigated 
the relationship between Pb immobilization and a wide variety of 
chemical and mineralogical properties of 17 diverse mineral soils and 
one organic soil. They found that lead immobilization could be 
predicted by a function involving CEC and pH. Anderson and Christensen 
(1988) studied the effect of soil properties upon distribution coeffi­
cients of Cd, Co, Ni, and Zn in 38 different Denmark soils. The 
characteristic soil properties measured included pH, CEC, organic C, 
and clay content. Statistical regression analysis showed that pH was 
the most influential factor in determining the distribution coefficient 
of all metals studied. 
In contrast, other authors have reported no significant relation­
ship between soil pH and metal adsorption. Levi-Minzi et al. (1976) 
studied Cd adsorption by 10 Italian soils with a wide range of chemical 
characteristics. They reported significant correlation between Langmuir 
adsorption maxima and bonding energy coefficients with several soil 
properties. Many of the results were not correlated with soil pH. 
McLaren et al. (1981) examined Cu adsorption by individual soil 
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components at low equilibrium Cu concentrations ranging from 0.1 to 10 
Ug mL"^ (normally found in soils). Although they found a dramatic 
increase in Cu adsorption on montmorillonite and hydrous oxides with 
solution pH values ranging from 3 to 5, Cu adsorption was virtually 
unaffected by changes in pH levels found in normal agricultural soils. 
Although metal adsorption has been found to increase with soil pH, 
whether this increase is significant may be dictated by the predominant 
metal adsorption mechanism. The predominant adsorption mechanism is 
dependent upon the properties and components of the soil studied. 
Tiller et al. (1984) studied adsorption of Cd, Ni, and Zn by 13 
different soil clay fractions and goethite. The mineralogy of the 
selected soil clay fractions was extremely diverse. They found that 
the distinct differences in metal adsorption behavior of these soil 
clays could be explained by separating the clays into three groups. 
One group showed that metal adsorption by clays with surfaces 
dominated by iron oxides had a distinct sigmoidal dependence of 
adsorption on solution pH. They attributed this result to a metal-ion 
hydrolysis mechanism that had been previously described for metal 
adsorption onto hydrous oxide surfaces (McKenzie, 1980). In this 
mechanism, MeOH* (where Me = metal) ions produced by hydrolysis of the 
divalent cation in solution are adsorbed onto hydrous oxide surfaces. 
Hydrolytic species such as MeOH"*" have an extremely high affinity for 
clay surfaces because they are easier to desolvate than free metal 
cations (Sposito, 1989). Because the extent of hydrolysis is related 
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to solution pH, increases in pH would lead to increased hydrolysis and 
subsequent metal adsorption. 
The second group described by Tiller et al. (1984) involved reac­
tions related to layer lattice silicates. These reactions were associ­
ated with 2:1 layer lattice silicates and showed very little dependence 
of adsorption on equilibrium solution pH. Also, these minerals had 
higher affinities for metals at low pH (pH < 5) as compared with the 
adsorption on the iron oxide group at this pH. The predominant mecha­
nism appeared to be ion exchange for the silicate clay group. Farrah 
and Pickering (1979) studied the effect of pH on adsorption of Cu, Pb, 
Cd, and Zn by montmorillonite, illite, and kaolinite. They concluded 
that decreased competition between protons and Cu, Pb, Cd, and Zn ions 
was responsible for increased adsorption of these metals with increasing 
pH; and the predominant mechanism was ion exchange. 
The third group described by Tiller et al. (1984) consisted of 
those reactions associated with organic surfaces. This group showed 
an adsorption dependence on pH, which was between the other two groups. 
Presumably, the predominant metal adsorption mechanism of this group 
is a combination of ion exchange, through the organic matter CEC, and 
metal complexation by organic matter functional groups. Metal adsorp­
tion reactions with organic surfaces is discussed in detail in the 
following sections on CEC and organic matter. 
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Effect of cation-exchange capacity 
Metals that occur as positively charged ions or complexes in soil 
solution undergo cation-exchange reactions with solid phases that 
contribute to the soil CEC. Both clay minerals and organic matter 
constitute the. soil CEC. The amount of metal adsorbed by ion-exchange 
reactions depends on the ionic status of the dissolved metal, the number 
of other metal sinks in the soil, and affinity of the metals for these 
sinks. 
Several studies have shown that the most significant mechanism of 
trace metal adsorption by soils is through the exchange sites. 
Soldatini et al. (1976) studied Pb adsorption by 12 Italian soils having 
a wide range of chemical properties. They found adsorption maxima in 
these soils were strongly related to the CEC values of soils. Also, 
statistical regression analysis showed that organic matter and clay were 
responsible for adsorption maxima, presumably through their CEC 
properties. Similarly, Shuman (1975), who studied the effect of soil 
properties on Zn adsorption by soils, found that the adsorption capacity 
for Zn was higher for soils high in clay or organic matter than for 
sandy soils low in organic matter. Because CEC was related to the 
adsorption capacity in these soils, contribution of clay and organic 
matter to trace metal adsorption was related to their CEC properties. 
Singh (1979) studied the adsorption of Cd by 10 Canadian soils. 
He found adsorption of Cd was significantly correlated with CEC. 
Following adsorption of Cd, Singh (1971) extracted the adsorbed Cd with 
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2 ^  NaCl and found that it could be characterized into two groups. The 
Cd fraction replaced by the NaCl solution was defined as exchangeable 
Cd and the remainder of the Cd as fixed Cd. Results showed that fixed 
Cd was also correlated with CEC, pH, and organic C content. Competition 
of other adsorption sites with CEC sites was dependent on the type of 
trace metal present in solution. Kuo èt al. (1983) studied the 
distribution and forms of Cu, Zn, Cd, Fe, and Mn in soils near a copper 
smelter. Of these metals, the largest percentage of total metal in the 
exchangeable form was that of Cd. Copper, Zn, and Mn were more strongly 
associated with the amorphous iron oxides and only Cu was appreciably 
associated with the soil organic fraction. Haghiri (1974) studied the 
effect of CEC and organic matter on plant uptake of Cd. His results 
indicated that the retaining power of organic matter for Cd was 
predominantly through its CEC property rather than chelating ability. 
Other studies have shown that both soil CEC and soil pH are 
required to explain trace metal adsorption. Sharpless et al. (1969) 
studied the retention of Zn by several arid zone soils. They found that 
the main factors that accounted for Zn retention were CEC and pH. 
Zimdahl and Skogerboe (1977) investigated the relationship between Pb 
immobilization and a wide variety of chemical and mineralogical proper­
ties of 17 diverse mineral soils and one organic soil. They found that 
Pb immobilization could be predicted by a function involving CEC and 
pH. Barter (1979) studied adsorption of Cu and Pb by 15 northeastern 
U.S. soils. Adsorption maxima were regressed against chemical and 
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mineralogical properties. He found that the best predictor for metal 
adsorption was the sum of exchangeable bases for both surface and sub­
surface horizons. Exchangeable bases were found to be a better 
predictor than CEC. He concluded that the sum of the exchangeable bases 
was the best predictor because it is a function of CEC and pH. 
However, depending on the soil and experimental parameters used, 
other results have shown that trace metal adsorption by soil CEC is 
either more important or insignificant as compared with soil pH. 
Hassett (1974) measured Pb adsorption for selected Illinois soils. By 
using regression analysis, he found that soil properties associated with 
CEC (organic matter content, surface area, clay content) had a greater 
effect on Pb adsorption than soil pH. Levi-Minzi et al. (1976) studied 
Cd adsorption by 10 Italian soils with a wide range of chemical 
characteristics. They found Langmuir adsorption maxima and bonding 
energy coefficients were not correlated with soil pH. However, these 
Langmuir parameters were well correlated with CEC and organic matter. 
Furthermore, statistical analysis showed that the retaining power of 
organic matter is predominantly due to its CEC. However, results by 
Anderson and Christensen (1988) showed that pH was more important than 
soil CEC in describing metal adsorption. In this study, the effect of 
soil properties on the distribution coefficients of Cd, Co, Ni, and Zn 
in 38 different Denmark soils was determined. The characteristic soil 
properties measured included pH and CEC. Statistical regression 
analysis showed that pH was the most influential factor in determining 
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the distribution coefficient of all the. metals studied. High correla­
tions between metal distribution and CEC were found, but they were less 
significant as compared with that of soil pH. 
Effect of soil organic matter 
Many metals that exist as cationic species are known to form metal 
complexes with organic matter. Both humic and fulvic acid fractions 
of organic matter serve as the primary reaction sites for metals in 
soils. Most of the metal-complexing ability of the soil organic matter 
fractions is due to their oxygen-containing functional groups such as 
COOH, phenolic, alcoholic, enolic-OH, and C=0 structures (Stevenson and 
Ardakani, 1972). Although reaction of alkali and alkaline-earth metals 
with organic matter occurs, much stronger bonding and affinity is 
evident between transition metals and organic matter through d-orbitals 
of these metals. The contribution of organic matter to total metal 
adsorption in soil is dependent upon the type of organic matter, 
affinity of the metal for other soil components, and the type of metal 
ion. Therefore, various results have been reported for metal adsorp­
tion studies in soils. Gerriste and Van Driel (1984) measured distri­
bution constants for Cd and Pb for 33 temperate soils. A significant 
log-log correlation was found between the distribution constants and 
soil organic matter and soil pH. Soldatini et al. (1976) studied Pb 
adsorption by 12 Italian soils having a wide range of chemical 
properties. Statistical correlations showed organic matter and clay 
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were responsible for the adsorption maxima. However, Barter (1979), 
who studied adsorption of Cu and Pb by 15 northeastern U.S. soils, found 
the best predictor was the sum of exchangeable bases for both surface 
and subsurface horizons. Organic matter had no significant relationship 
to metal adsorption by surface horizons. In a later work. Barter (1983) 
studied the effect of pH on adsorption of Pb, Cu, Zn, and Ni by surface 
and subsurface samples of two soils. Be stated that results from this 
study suggested organic matter may be used as a major factor to explain 
retention differences among metals in any one soil, despite his previous 
findings (Barter, 1979). Be suggested the lack of correlation between 
total organic matter and metal retained may, therefore, be a function 
of measuring the wrong thing. Total organic matter of a wide variety 
of soils may not be sufficiently related to the reactive portions to 
indicate a positive correlation. Unfortunately, no adequate method of 
extracting "active" organic matter has yet been devised. 
Several studies have tried to define the "reactive" sites or 
reactivity of organic matter with metals by studying the general bonding 
mechanisms. As defined by lUPAC (1960), chelates and ligands can be 
both inorganic or organic. Furthermore, metals can form bonds ranging 
from ionic to covalent with organic ligands. Although metal-organic 
matter ligand bonding is probably never purely ionic or covalent in 
soils, electrostatic bonding that is basically ionic in character is 
associated with the CEC of soil organic matter. Bunzyl et al. (1976) 
found that metal adsorption by soil organic matter is related to its 
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CEC property. They studied adsorption and desorption of Pb, Cu, Cd, 
Zn, and Ca by peat and found that the selectivity of metal adsorption 
by peat (Pb > Cu > Cd = Zn > Ca) was due to ion exchange between metal 
and H"*" ions of the CEC sites. Haghiri (1974) studied the effect of CEC 
and organic matter on plant uptake of Cd. He reported that results 
indicated that the retaining power of organic matter for Cd was 
predominantly through its CEC property rather than chelating ability. 
Zimdahl and Skogerboe (1977) investigated the relationship between Pb 
immobilization and a wide variety of chemical and nineralogical proper­
ties of 17 diverse mineral soils and one organic soil. Their results 
demonstrated that Pb fixation was principally caused by its reaction 
with insoluble organic materials. 
Levi-Minzi et al. (1976) studied Cd adsorption by 10 Italian soils 
with a wide range of chemical characteristics. Statistical analysis 
showed that the retaining power of organic matter was predominantly due 
to its CEC. Elliot et al. (1986) studied the competitive adsorption 
of several heavy metals in four soils. They found that metal adsorp­
tion by two mineral soils at pH 5 followed the sequence Pb > Cu > Cd > 
Zn which corresponded to the order of increasing pK for first hydrolysis 
products of the metal ions. In contrast, the order of selectivity for 
two soils containing significant amounts of organic matter was Pb > Cu 
> Cd > Zn, suggesting that organic matter increased Cd retention prefer­
entially over that of Zn. Also, after removal of organic matter from 
all soils by oxidation with HgOg, the selectivity sequence became Pb 
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> Cu > Zn > Cd for all soils, suggesting that the presence of soil 
organic matter was responsible for increased affinity of Cd over that 
of Zn. Although the decrease in adsorption of all four metals after 
removal of the organic matter was attributed to the decrease in the CEC 
values, only a sizable decrease in Cd and Cu adsorption was evident with 
less decrease in Pb and Zn adsorption. This suggested Cd and Cu were 
associated with organic CEC sites, while Pb and Zn were associated with 
inorganic exchange sites. By definition, exchangeable metal associated 
with the CEC can be replaced by extraction with a salt solution. Metals 
that cannot be replaced by salt solution from the organic matter sites 
are said to be "specifically adsorbed." Specifically adsorbed metals 
are characterized by formation of inner-sphere surface complexes with 
soil organic matter and are associated with high bonding energies of 
covalent nature (Sposito, 1989). Petruzzelli et al. (1978) studied the 
effect of organic matter upon Cu and Cd adsorption by four Italian soils 
by comparing results obtained before and after destruction of soil 
organic matter with HgOg. They found Langmuir bonding energy coeffi­
cients decreased dramatically for Cd adsorption, and especially for Cu 
adsorption, after destruction of the organic matter. They concluded 
that this showed the stronger bonding of organic matter may be due to 
its chelation properties. This is in contrast to its low CEC bonding 
energies of organic matter. Further studies showed that Cu adsorption 
by soils was not influenced by previously added Cd. However, Cd adsorp­
tion was decreased 28 to 50% by previously added Cu to soils. They 
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concluded that Cu formed stronger bonds than Cd and was able to replace 
Cd from Cu chelated with organic matter. 
Other work suggested Cu formed stronger specific bonds with organic 
matter compared with other metals. Kuo et al. (1983) studied the 
distribution and forms of Cu, Zn, Cd, Fe, and Mn in soils near a copper 
smelter. Of these metals, the largest percentage of total metal in the 
exchangeable form was that of Cd. Copper, Zn, and Mn were more strongly 
associated with the amorphous iron oxides and only Cu was appreciable 
associated with the soil organic fraction. McLaren et al. (1981) 
examined the Cu adsorption by individual soil components at low 
equilibrium Cu concentrations ranging from 0.1 to 10 pg mL~^ (normally 
found in soils). At these concentrations, it was found that the Fe 
oxides and organic materials adsorbed greater amounts of Cu than those 
by silicate clay minerals. Also, Cu adsorption was unaffected by both 
background concentrations of major cations and by changes in pH (within 
the ionic strength and pH found in normal agricultural soils). They 
found that Cu was readily adsorbed by humic and fulvic acids in the 
presence of 0.05 M CaClg background. The ability of metal to form 
metal-organic complexes is related to the stability constants of such 
metal complexes (Stevenson, 1982). The Irving-Williams (1948) stability 
series attributed the stability of these metal complexes to resonance 
of the dgsp and dspg orbitals. In this series, the stability of metal 
complexes of the first transition metal series increases with atomic 
weight up to Cu and then decreases. Thus, stability of organic matter 
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metal complexes would be Cu > Ni > Co >.Zn > Fe > Mn. Although slightly 
different sequences have been found in soils (Adriano, 1986; Stevenson, 
1982; Stevenson and Ardakani, 1972), Cu is found to form complexes with 
organic matter with the largest stability constant as compared with 
other transition metals. 
Effect of clay type 
Trace metal adsorption studies investigating clay type can be sub­
divided into two general groups; (1) adsorption by aluminosilicate clay 
minerals commonly referred to as simply "clay minerals" and (2) 
adsorption by hydrous oxide clays. 
Metal adsorption by silicate clay minerals can occur through 
cation-exchange reactions, formation of strong bonds having covalent 
character with surface oxygen atoms, or by entrapment of the metal in 
the mineral lattice. The latter two mechanisms constitute specifically 
adsorbed metal; i.e., cannot be replaced by extraction with a salt 
solution. 
Bittell and Miller (1974) determined selectivity coefficients of 
Pb and Cd adsorption by montmorillonite, illite, and kaolinite. They 
found no difference in selectivity or adsorption of Cd by the three 
minerals studied. However, there was a slight preference for adsorption 
of Pb by kaolinite as compared with that by the other two clay minerals. 
They concluded their results indicated that Pb and Cd may compete with 
common divalent ions such as Ca for adsorption sites on these clay 
minerals. Although Cd competes with Ca on an equal basis, Pb is favored 
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by a factor of 2 or 3 over that of Ca. .Reddy and Perkins (1974) studied 
Zn fixation by bentonite, illite, and kaolinite clays under various pH 
levels, alternate wetting and drying conditions, and incubation at 
moisture saturation. In this study, "fixed Zn" denoted the fraction 
that could not be removed by extraction with 1 ^  NH^OAc. Regardless 
of the treatment, kaolinite fixed relatively small amounts of Zn as 
compared with bentonite and illite. Since tests by x-ray diffraction 
and differential thermal analysis did not reveal changes in the clay 
mineral structure, they concluded that Zn was fixed as a result of 
precipitation as Zn(0H)2 at the clay surface, physical entrapment in 
clay lattice wedge sites, and/or strongly adsorbed at exchange sites. 
Tiller et al. (1984) studied adsorption of Cd, Ni, and Zn by 13 
different soil clay fractions and goethite. The mineralogy of the 
selected soil clay fractions was extremely diverse. Those reactions 
associated with 2:1 layer lattice silicates showed very little depend­
ence of metal adsorption on equilibrium solution pH. Also, they showed 
a preference of adsorption of Zn over Ni and Cd. Although they did not 
propose a specific mechanism for metal adsorption by these clays, their 
results indicated that mechanisms based on simple metal-ion hydrolysis 
could not be used to explain results obtained for silicate clay 
minerals. 
In contrast, metal adsorption by hydrous oxides, such as iron 
oxide, has been explained by metal-ion hydrolysis (Barrow, 1987; Tiller 
et al., 1984). Metal adsorption is related to the pK of the first 
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hydrolysis constant (formation of MeOH^) of each divalent metal cation 
in solution. Tiller et al. (1984) found that pH^q values (i.e., pH at 
which 50% of the initial metal added is adsorbed) were Zn < Ni < Cd, 
lAich corresponded to the pK of the hydrolysis constant of these metals. 
Similar results have been found in soils and may be explained by metal 
adsorption by hydrous oxides as reviewed by Adriano (1986) and Barrow 
(1987). Hydrous oxides may be the dominant surfaces for metal adsorp­
tion. Kuo et al. (1983) studied the distribution and forms of Cu, Zn, 
Cd, Fe, and Mn in soils near a copper smelter. Although Cd was mainly 
associated with exchange sites, Cu, Zn, and Mn were more strongly 
associated with the amorphous iron oxides and were not exchangeable. 
McLaren and Crawford (1973) studied the specific adsorption of Cu by 
soils and soil constituents. Adsorption maxima for soil constituents 
for specific adsorption of Cu was: manganese oxides > organic matter 
> iron oxides > clay minerals which supported the findings for whole 
soils. In a later work, McLaren et al. (1981) examined the Cu 
adsorption by individual soil components at low equilibrium Cu 
concentrations ranging from 0.1 to 10 ng mL~^ (normally found in soils). 
At these concentrations, it was found that the oxides and organic 
materials adsorbed greater amounts of metal than clay minerals. 
Effect of solution composition 
Both inorganic and organic dissolved constituents of soil solution 
have been reported to affect metal adsorption by soils and soil 
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constituents. Inorganic species can affect metal adsorption by influ­
encing the ionic strength of the solution or by competing with the soil 
surface for dissolved metal by formation of metal complexes. Bowman 
and O'Connor (1982) studied the effect of sulfate and chloride on free 
metal ion activity of Ni and Sr adsorption by montmorillonite. Although 
_ 9«. 
both CI and SO^ ~ reduced free metal activity and Ni adsorption, 
adsorption of Ni was greater in the Cl~ system. They concluded that 
NiCl* complex was slightly adsorbed, but NiSO^° ion pairs were not 
adsorbed. Doner (1978) investigated the effect of CI" on Ni, Cu, and 
Cd mobility in soils. In this study, soil columns were leached with 
0.1, 0.2, 0.3, or 0.5 M NaCl or NaClO^ solutions each containing 10 ppm 
of Ni, Cu, or Cd. Sodium perchlorate was used as a reference because 
perchlorate is not considered to form complexes with metals (Sposito 
and Holtzclaw, 1979). Doner (1978) found Cl~ dramatically increased 
the mobility of Cd, but to a much lesser extent of Cu and Ni. This is 
directly related to Cd having the largest chloro stability constant of 
the three metals. Mattigod et al. (1979) studied the effect of ionic 
strength and inorganic complexation on Ni adsorption by kaolinite. They 
found increasing ionic strength resulted in increased Ni adsorption. 
Also, sulfate ions from CaSO^ background resulted in significant reduc­
tion of Ni adsorption by formation of neutral NiSO^° ion pairs. 
Garcia-Miragaya and Page (1976) studied the effect of ionic strength 
and inorganic complexation on Cd adsorption by montmorillonite. 
Increasing the ionic strength of NaClO^, NaCl, and NagSO^ decreased Cd 
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2+ 
adsorption by: (1) competition of Cd with electrolyte cations and 
(2) decrease of the activity of Cd in solution. Further reduction of 
Cd adsorption was due to formation of anionic or neutral cadmium chloro 
complexes or by formation of neutral CdSO^ complexes. Complexation of 
Cd with Cl~ was much more significant than that found for SO^ . 
Other studies have shown reduction of metal adsorption by inorganic 
ions is not due to organic matter. Cavallaro and McBride (1978) studied 
the effect of the extent of complexation on adsorption of Cu and Cd by 
two soils. The extent of complexation was measured by using 
ion-selective electrodes and AA. Significant amounts of Cu were 
complexed in the soil solution, but results showed very little complexa­
tion of Cd even in 0.01 M CaClg soil extracts. Although in the presence 
of 0.01 M CaClg, adsorption of both metals was drastically reduced, 
2+ 
reduction in Cu and Cd adsorption was due to Ca competition instead 
of complexation with CI". They reported that ion exchange was the 
predominant mechanism for adsorption in these soils. Elrashidi and 
O'Connor (1982) studied the effect of soil solution composition on Zn 
adsorption by nine soils of diverse physical and chemical properties. 
They investigated the effect of anionic species (Cl~, NOg", S0^^~) and 
ionic strength at anion concentrations of 0.005, 0.02, and 0.1 M on Zn 
adsorption. They reported that neither ionic strength nor anion complex 
formation significantly affected Zn adsorption. 
Dissolved organics have been reported to form strong complexes with 
some metals in soil solution. McBride and Bouldin (1984) investigated 
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forms of Cu in a Cu-contarainated calcareous soil. The soil had been 
contaminated 50 years before by a CuSO^ fungicide spill, resulting in 
total Cu concentration in the topsoil of 3150 mg kg~^. Among other soil 
parameters, they measured the concentration of total and uncomplexed 
Cu in water extracts from this soil by using a Cu ion-selective 
electrode. Their results showed that 99.5% of the Cu in solution was 
in an organically complexed form. 
In some studies, presence of dissolved organic ligands has been 
found to decrease metal adsorption by competition for the metal with 
soil surfaces. Elliott and Denney (1982) studied the effect of organic 
ligands on Cd adsorption by three northeastern U.S. soils. They found 
organic complexation decreased adsorption of Cd for all soils and 
ligands studied. The ability of the ligands to reduce Cd adsorption 
followed the sequence; EDTA > NTA > oxalate = acetate. Farrah and 
Pickering (1977) investigated the effect of pH and presence of ligands 
on adsorption of Pb and Cd by clay minerals. For the three minerals 
that they studied, kaolinite, illite, and montmorillonite, similar 
behavior was observed; gradually Pb adsorption increased with pH until 
a threshold was reached where precipitation occurred. The presence of 
ligands raised the pH threshold. Presence of ligands reduced Pb 
adsorption by (1) competition of ligands for cations and clay surfaces 
and (2) formation of metal anionic complexes. 
In contrast to the findings reported above, other studies have 
shown both the increase and decrease in metal adsorption by soil and 
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soil constituents are due to dissolved organic ligands. Chubin and 
Street (1981) studied the effect of natural and synthetic complexing 
agents on Cd adsorption by soil constituents. In general, although 
synthetic ligands such as EDTA decreased metal adsorption by soil 
constituents over a wide range of pH, the water soluble organic fraction 
from sewage sludge enhanced Cd adsorption by both kaolinite and 
montmorillonite in alkaline solutions. They attributed this to the 
likely formation of an organo-clay complex with higher affinity for Cd 
2+ 
than the clay alone or clay-organo-Cd bridge. Davis and Leckie (1978) 
studied the effect of complexing ligands and pH on Cu and Ag adsorption 
by amorphous iron oxide. The ligands used in this study included 
protocathechuric acid, salicylic acid, picolinic acid, 
2,3-pyrazinedicarboxylic acid, glutamic acid, and ethylenediamine. They 
reported that both the decreases and increases observed in metal adsorp­
tion were dependent upon pH and type of ligand. They proposed a model 
to describe metal adsorption in the presence of these ligands by simple 
oxides. This model of metal adsorption included three separate groups 
based on the role of the ligand: (1) ligands adsorbed onto Fe(0H)2 via 
their functional groups blocking sites and decreasing metal adsorption, 
(2) ligands adsorbed onto Fe(OH)g with functional groups protruding 
into the solution that are able to adsorb metal resulting in increased 
metal adsorption, and (3) no adsorption of organic ligands, ligand 
remains in solution and forms metal complexes that decrease metal 
adsorption by oxide surfaces. They found aromatic ligands are 
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described by group (1), glutamic acid and ethylenediamine fit into group 
(2), and all ligands studied fit into group (3) at alkaline solution 
pH. 
Effect of competing cations (competitive adsorption) 
Most studies investigate adsorption of a single metal and treat 
the soil as a single adsorbate system. To a much lesser degree, studies 
measuring adsorption from solution containing two or more metals have 
been reported. Even fewer studies measuring adsorption of two or three 
trace metals by soils have been reported. Although much experimental 
evidence in the literature demonstrates that adsorption of anions in 
soils is significantly affected by competition from other anions, 
relatively few studies have been conducted investigating competitive 
adsorption of trace metal cations by soil (Murali and Aylmore, 1983c). 
Such studies are important to provide the information needed on adsorp­
tion of trace metals by soils, because often soil solutions contain 
several trace metals. 
Studies on heavy metal mobility in soil columns are of a "competi­
tive nature" in that a single solution containing several metals is 
added to soil and simultaneous competition in adsorption of these metals 
occurs. Korte et al. (1976) studied the effect of soil properties on 
trace metal movement in soils. In this study, a natural leachate spiked 
with 11 trace elements was added to soil columns and the chemical 
constituents of the effluent was determined. The spiked trace elements 
included Cd, Cu, Ni, Pb, and Zn. The 11 soils used in this study were 
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selected from the seven most prominent soil orders and varied widely 
in properties. Although the mobility of the trace elements was 
dependent on the soils investigated, Cu and Pb were the least mobile 
of the cationic metals investigated. Tyler and McBride (1982) studied 
the relative mobility and extractability of Cd, Cu, Ni, and Zn in 
organic and mineral soil columns. In this study, solutions containing 
Cd, Cu, Ni, and Zn were added to soil columns and allowed to react with 
the soil. Following reaction, the soil columns were eluted with 0.01 M 
CaClg solution and the metals in the leachate were determined by plasma 
emission spectroscopy. They found adsorption of these heavy metals was 
accompanied by a nearly stoichiometric desorption of Ca, Mg, Al, Na, 
and K. They concluded that adsorption of heavy metals was a competi­
tive process between metals in solution and adsorbed metals on soil 
surfaces. 
Other column studies involving trace metal movement have been 
reviewed by Dowdy and Volk (1983), and simulation of competitive 
adsorption by using competitive adsorption models has been reported by 
Murali and Aylmore (1983b). 
Several investigations on competitive adsorption of trace metals 
have been reported. Barter (1983) studied the effect of pH on 
adsorption of Pb, Cu, Zn, and Ni by the surface and subsurface of two 
soils. Because all four metals were present in solution, simultaneous 
adsorption of these metals occurred. In all cases, adsorption of the 
metals was in the order Pb > Cu > Zn > Ni. Elliot et al. (1986) studied 
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the competitive adsorption of several heavy metals by four soils. They 
found that adsorption by two mineral soils at pH 5 followed the sequence 
Pb > Cu > Cd > Zn, which corresponded to the order of increasing pK for 
the first hydrolysis products of metal ions. In contrast, the order 
of selectivity for two soils containing significant amounts of organic 
matter was Pb > Cu > Cd > Zn, suggesting that organic matter increased 
Cd retention preferentially over that of Zn. Also, after removal of 
organic matter from all soils by oxidation with HgOg, the selectivity 
sequence became Pb > Cu > Zn > Cd for all soils, suggesting that the 
presence of soil organic matter was responsible for the increased 
affinity of Cd as compared with that of Zn. Although reduction in 
adsorption of all four metals after organic matter removal was 
attributed to the decrease of the soil CEC values, only sizable 
decreases in Cd and Cu adsorption were evident with less decrease in 
Pb and Zn adsorption. This suggested Cd and Cu were associated with 
organic CEC sites, while Pb and Zn were associated with inorganic 
exchange sites. Griffin and Au (1977) studied Pb adsorption by 
montmorillonite. They found Pb adsorption was dependent upon the weight 
of clay sample used. They concluded that this apparent selectivity was 
due to competition between Ca and Pb for exchange sites. Although use 
of a "simple" Langmuir equation did not adequately explain the data, 
application of a competitive Langmuir equation successfully summarized 
the data as a single linear adsorption plot. Barter and Baker (1977) 
used a competitive Langmuir adsorption equation to describe competitive 
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adsorption of Zn and desorbed species. They concluded that vdien 
determining adsorption parameters for several soils or different soil 
studies desorbed species should be measured and a competitive Langmuir 
adsorption equation should be used. Competitive Langmuir and 
Freundlich-type equilibrium adsorption models have been reviewed by 
Murali and Aylmore (1983a). 
Effect of cropping systems 
Cropping systems have profound effects on chemical, biological, 
and physical properties of soils. Crop rotations and soil management 
practices affect both soil properties and soil constituents as discussed 
in the previous sections. Two of these factors, soil pH and soil 
organic matter, are especially affected by cropping systems (Tisdale 
et al., 1985). 
Effects of cropping system on soil pH include: (1) acid produc­
tion from additions of ammoniacal N and other fertilizers and (2) liming 
practices. Although many fertilizers have acidifying effects on soils 
(Tisdale et al., 1985), ammoniacal N fertilizers are associated with 
especially large amounts of acidification in soils. Because nutrient 
requirements vary between crops, the amount of N fertilizers will be 
dependent upon the crop grown. Also, some crops such as legumes, which 
obtain N through symbiotic fixation, will provide carryover N thereby 
lowering the N requirement of the next crop and the cumulative N for 
the entire rotation. However, leguminous pastures are also associated 
with soil acidification (Freney and Williams, 1983). Although the 
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effect of crop rotation on soil pH depends, in part, on the required 
ammoniacal nitrogen fertilizer; other factors would result in differ­
ences between crop rotation on soil pH. 
Liming practices used to maintain proper pH for crop production 
are dependent upon the crop and soil type. In general, a higher soil 
pH should be maintained for a forage crop in the rotation than a rota­
tion without one. In this way, soil pH is dependent upon the rotation 
of the cropping system. 
Cropping systems affect soil organic matter by (1) soil management 
practices and (2) addition and decomposition of crop residues. The 
effects of cropping systems on soil organic matter have been reviewed 
by Allison (1973), Campbell (1978), Ensminger and Pearson (1950), 
Kononova (1966), and Stevenson (1965). 
The amount and composition of soil organic matter can be affected 
by several variables in cropping systems, including crops grown, crop 
sequence, and fertility level of the soil. The role of forages in a 
rotation is especially important. Rotations that contain legumes have 
been shown to increase the N content of the soil organic matter 
(Campbell, 1978). Extensive rooting systems of legume-based pastures 
provide tremendous amounts of organic materials from roots and root 
exudates that may result in increased organic matter levels. However, 
legume-based pastures may not change the amount of total humus content, 
but the composition of organic matter may be changed (Campbell, 1978). 
Greenland (1971) reported that plowing down a legume-based pasture in 
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a cereal rotation increased the "light fraction" of organic matter. 
The "light fraction" was claimed to be more active in nutrient supply 
than the rest of organic matter and is an effective way of improving 
soil fertility. 
The incorporated crop residue can also affect the amount and 
chemical composition of soil organic matter. The method of incorpora­
tion and other environmental factors will affect the decomposition rate 
and buildup of organic matter reserves. Residue addition has been shown 
to affect soil C/N, C/P, and N/S ratios reflecting changes in chemical 
composition of soil organic matter (Campbell, 1978). Briceno-Salazar 
(1988) studied the effect of cropping systems on the activity of soil 
enzymes. He found that both crop rotation and N fertilizer treatments 
produced significant effects. In general, rotations that included a 
forage showed higher enzyme activities than corn-soybean or continuous 
corn rotations. 
Although information is available on the effect of cropping systems 
on several soil properties, there is no information on the effect of 
cropping systems on metal adsorption by soils. Therefore, information 
is needed on the effect of cropping systems on single metal adsorption 
and competitive adsorption by soils under these systems. This is 
important because sustainable agriculture is gaining momentum, and it 
is important to understand the effects of agricultural (soil) systems 
on metal mobility, retention, and availability in soils of such systems. 
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PART I. DETERMINATION OF METALS IN SOILS 
BY ION CHROMATOGRAPHY 
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INTRODUCTION 
A variety of methods are available for determination of transition 
and heavy metals in soils. These range from manual colorimetric methods 
to instrumental methods involving atomic absorption or emission 
spectroscopy (Black, 1965; Page, 1982). In application of these methods 
for determination of metals in soils, the sample is usually decomposed 
by using oxidizing reagents, followed by dissolution and determination 
of the metal of interest in the sample digest. Most digestion methods 
employ HNOg, HCIO^, and HF (Baker and Amacher, 1982; Fiskell, 1965; 
Jackson, 1958). The amount of metal is then determined separately by 
atomic absorption spectrophotometry (AA) or simultaneously by 
inductively coupled plasma spectroscopy (ICP). Although AA has been 
the method of choice, under certain conditions, matrix effects from high 
soluble salt concentrations and from high concentrations of certain 
metals result in several orders of magnitude of error in determination 
of trace metals (Baker and Suhr, 1982; Billings, 1965; Koirtyohann and 
Pickett, 1965; Mubarek et al., 1978; Waughraan and Brett, 1980). 
Although current commercial AA instruments have the means of background 
correction (Emmel et al., 1977), large errors have been encountered in 
determination of trace metals in certain soils (Waughman and Brett, 
1980). 
In recent years, ion chromatography (IC) has become a rapid and 
sensitive technique for analyzing complex mixtures of ions. Now, IC 
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systems are available in many laboratories. Although previous work in 
this area mainly encompassed determination of anions and alkali and 
alkaline-earth metals, recent developments describe potential applica­
tion of IC for determination of several transition and heavy metals 
(Dionex, 1984; Slingsby and Riviello, 1983). One of the advantages of 
IC over the AA method is the separation of trace metals from the sample 
matrix before postcolumn reaction for colorimetric determination by a 
UV-VIS detector. Although this IC method may be useful, no information 
is available on the use of IC for determination of transition or heavy 
metals in soils. Previous work with IC for determination of alkali and 
alkaline-earth metals in soil and plant material showed that one of the 
restrictions encountered with the use of IC is that the solution 
injected for analysis must be low in soluble salts and strong acids 
(Basta and Tabatabai, 1985a,b). These conditions also must be avoided 
in using IC for determination of trace metals in soil digests. Although 
the newly developed UV-VIS detector coupled with postcolumn reaction 
allows simultaneous determination of several transition and heavy metals 
in standard solution by IC, this system has not been evaluated for soil 
analysis. Therefore, the objective of this work was to develop a method 
compatible with the IC system for determination of several transition 
and heavy metals in soils. For comparison, the results obtained by the 
IC method were compared with those obtained by AA. 
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MATERIALS AND METHODS 
Soils 
The soils used (Table 1) were surface (0 to 15 cm) samples obtained 
from cultivated fields to give a wide range in organic C, inorganic C, 
pH, and texture. In the analyses reported in Table 1, organic C was 
determined by the method of Mebius (1960), inorganic C by the method 
of Bundy and Bremner (1972), pH was determined by a glass electrode 
(soil/water ratio, 1:2.5), and particle-size determination was deter­
mined by the pipette method of Kilmer and Alexander (1949) as modified 
by Walters et al. (1978). 
Reagents 
Dithizone in chloroform (0.2% w/v): Two grams of dithizone 
(diphenylthiocarbazone) was dissolved in 1 liter of HPLC grade CHClg. 
This reagent was prepared immediately before use. 
Ammonium citrate buffer: Citric acid (50 g) was dissolved in 30 
mL of deionized water, and 60 mL of reagent-grade NH^OH was added. 
Hydroxylamine hydrochloride: Hydroxylamine hydrochloride (20 g) 
was dissolved in 70 mL of deionized water, and 30 mL of reagent-grade 
NH^OH was added. 
2,6-Pyridinedicarboxylic acid (PDCA) eluent: A buffered 4 nM PDCA 
eluent was prepared by dissolving 0.67 g of PDCA and 0.138 g of 
anhydrous LiOH in about 250 mL of deionized water in a 1-liter 
volumetric flask. Then 4.1 g of NaOAc and 50 mL of 1 M HOAc were added. 
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Table 1. Properties of soils used 
Soil Org C Inorg C pH® Clay Sand 
Celina + SS^ 0.6 ND^ 7.2 20 48 
Domino 0.8 ND 7.4 26 26 
Domino + SS** 0.8 ND 6.9 26 31 
Celina 1.0 ND 7.2 20. 46 
Downs 1.0 0 6.4 24 4 
Luther 1.3 0 6.4 17 33 
Tama 2.2 0 5.4 23 5 
Agua del Gato 2.8 3.5 7.8 40 16 
Clarion 3.4 0 6.2 23 31 
Muscatine 3.6 1.2 7.6 28 4 
Nicollet 3.7 0 6.4 21 40 
Okoboji 4.3 0 7.0 26 30 
Canisteo 4.4 3.5 7.8 32 21 
Osorno 8.4 0 5.3 31 17 
^pH soil;water ratio, 1;2.5. 
^Michigan soil treated with sewage sludge. 
^Not determined. 
^Southern California soil treated with sewage sludge. 
and the volume was made 1 L (final pH = 4.8). When needed, the pH was 
adjusted to 4.8 with 10% LiOH. 
Oxalic acid eluent: A buffered 40 nM oxalic acid eluent was pre­
pared by dissolving 5.04 g of oxalic acid and 1.20 g of anhydrous LiOH 
in about 50 mL of deionized water in a 1-liter volumetric flask. Then 
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50 mL of 1 M HOAc were added and diluted to volume (final pH = 4.8). 
The pH was adjusted to 4.8 with 10% LiOH. 
Postcolumn reaction reagent: This reagent was prepared by mixing 
34.5 mL of reagent-grade NH^OH and approximately 100 mL of deionized 
water in a 1-L volumetric flask. In this solution, 0.102 g of 4-(2-
pyridylazo) resorcinol (PAR), 0.2 mL of N,N-dimethylethanolamine, 10 g 
NagCOg, and 10 g NaHCO^ were dissolved and diluted to volume with 
deionized water. Before use, this solution was filtered through a 




Approximately 2 g of soil (<100 mesh) was placed in a 100-raL Teflon 
beaker. The wet digestion method employed has been previously described 
by Burau (1982). In this method, 5 mL of concentrated HNOg was added 
to the sample and the contents were heated to near dryness to destroy 
some of the organic matter. Subsequently, 6 mL of HCIO^ was added and 
the residue was heated until a colorless residue was obtained. After 
the sample had cooled, 5 mL of HF was added and heated again until the 
appearance of HCIO^ fumes. The HF treatment was repeated to ensure that 
dissolution of all silicate minerals was complete, the solution was 
transferred into a 50-mL volumetric flask, and volume was adjusted with 
water. The contents were transferred into a 100-mL polyethylene bottle 
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to which 5.6 g of HgBOg was added (to complex F~) (Buckley and Cranston, 
1971). The sample was shaken and then filtered through a 0.2-jim 
Metricel membrane filter. The Cd, Cu, Mn, Ni, Pb, and 2n content of 
the acid digest was determined by flame AA (Perkin-Elmer Model 5000). 
Background correction by using a deuterium lamp continuum source was 
employed for determination of all metals. 
Metal extraction by dithizone 
A 25-mL aliquot of the sample digested was placed in a 100-mL 
beaker and treated with 25 mL of deionized water (to help prevent 
precipitation), followed by 5 mL of ammonium citrate buffer, 2 mL of 
NH20H(HC1), and 2.5 mL of reagent-grade pyridine. The contents were 
mixed and the pH was adjusted to pH 9.5 with 10 M NaOH by using a glass 
electrode. The contents were transferred into a 125-mL ground-glass 
Erlenmeyer flask, and 15 mL of dithizone solution was added. The flask 
was fitted with a ground-glass stopper and shaken for 10 rain by using 
a wrist-action shaker (Burrell Corporation, Pittsburgh, PA). The 
contents were transferred into a 125-mL separatory funnel, to separate 
the phases, and the dithizone solution (CHClg phase) was transferred 
into a 50-mL beaker. A second extraction consisted of addition of 15 
mL of dithizone solution followed by 5 min of extraction. The two 
dithizone-chloroform extracts were combined and stirred. A 25-mL 
aliquot of the metal-dithizone-chloroform extract was transferred into 
a 50-mL beaker, and the CHClg was allowed to evaporate to dryness in 
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a well-ventilated hood. To this residue, 3 mL of concentrated HNOg was 
added to destroy the dithizone and dissolve the metals. Complete 
dissolution of the residue was achieved by placing a watch-glass on top 
of the beaker and heating the HNO^ until reflux conditions were evident. 
The solution was heated to dryness, 10 mL of 0.1 M HCl was added to the 
residue, and this solution heated to near boiling. This solution was 
allowed to cool to room temperature and transferred into a 10-mL 
volumetric flask, and the volume was adjusted with deionized water. 
Ion chromatoeraph 
The ion chromatograph (IC) used was a Dionex Model 2002i instrument 
(Dionex Corporation, Sunnyvale, CA). The components of this IC system 
are shown in Figure 1. Two eluent systems were employed; Cd, Cu, Mn, 
and Zn were determined by using PDCA as an eluent; and Cu, Ni, Pb, and 
Zn were determined by using oxalic acid as an eluent. Both eluent 
systems are described below. 
PDCA eluent system Separation of Cd, Cu, Mn, and Zn was 
achieved by using an eluent containing 4 nM 2,6-pyridinedicarboxylic 
acid (PDCA) and 50 nM HOAc-NaOAc buffer (pH 4.8). Two columns were 
used, a guard column (HPIC-CG5) and a separator column (HPIC-CS5). Both 
contained exchange resin with anion and cation exchange sites. The 
eluent flow rate was 1.0 mL min~^. After separation, the metals were 
converted to colored complexes. This was accomplished by using a post-
column reactor (PCR). The postcolumn reagent was delivered to the PCR 
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by a delivery module (Dionex Corporation) at a flow rate of 0.7 mL rain"^ 
(^60 psi Ng) (Figure 1). The absorbance of the metal-PAR complexes was 
measured by using a UV-VIS detector at a wavelength of 520 nm and a 0.2 
absorbance unit full-scale. 
Oxalic acid eluent system Separation of Cu, Zn, Ni, and Pb was 
accomplished by using an eluent containing 40 nM HOAc-LiOAc buffer (pH 
4.8). The same columns that were used with the PDCA eluent were 
employed with the oxalic acid eluent system. The eluent flow rate was 
1.0 mL min~^. After separation, the metals were converted to colored 
complexes and determined as described previously for the PDCA eluent 
system. 
Sample analysis 
Approximately 2 mL of the digested metal-dithizone extract was 
injected into the IC to ensure flushing of the sample loop. All samples 
were filtered through a 0.2-ijm Metricel membrane filter before injec­
tion into the IC. 
The absorbance of the metal complexes was recorded by measuring 
the peak heights by using a Perkin-Elmer LCI-lOO integrator. The 
results of Cd, Cu, Mn, Ni, Pb, and Zn were calculated from calibration 
curves obtained with standard solutions prepared from Fisher certified 
AA standards. 
The results obtained by the IC method were compared with those 
obtained by flame AA. Furthermore, the results obtained by AA and IC 
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for the digested metal-dithizone extracts were compared with those 
obtained by flame AA for the HCIO^ digests (before the dithizone-
pyridine extraction). 
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RESULTS AND DISCUSSION 
Transition and heavy metals have a high affinity for cation-
exchange resins. Therefore, eluents containing Na or H are not 
effective in replacing these metals in ion-exchange reaction. 
Furthermore, many of the transition metals have the same relative 
affinity for the ion-exchange resin, making separation of these metals 
difficult. However, separation of transition and heavy metals can be 
achieved by addition of a complexing agent, such as PDCA or oxalic acid, 
in the eluent because these compounds form anionic metal complexes. 
Upon injection of a sample containing transition and heavy metals (M) 
into the PDCA eluent stream, the following anionic complexes were 
formed : 
+ 2 PDCA^" > [M(PDCA)2]" [1] 
+ 2 PDCA^" > [M(PDCA)2]^" • [2] 
The complexed metals in the injected sample are then separated by 
anion-exchange reactions in the separator column: 
[MCPDCA)^]^" + Resin-PDCA Resin-M(PDCA)2 + PDCA^" . [3] 
Separation of the metals is dependent upon the relative affinity of 
their respective anionic complexes for the resin. An oxalic acid eluent 
containing Li"*" can be used to separate transition and heavy metals. 
Upon injection of metal-containing solution into oxalic acid eluent, 
the following anionic complexes are formed: 
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+ 2 OX^" [MCOX)^]^' [4] 
+ 3 OX^" [MCOX)]]^- . [5] 
The metals in the injected sample are separated by both cation-exchange 
and anion-exchange reactions in the separator column as follows: 
Cation exchange: 




[M(0X)2]^" + Resin-ox^ Resin-MCOXjg + OX^" . [7] 
Oxalic acid reduces the affinity of the metal for the resin by revers­
ible complexation, thus allowing Li^ to function as the displacing ion 
in the cation-exchange reaction. Lithium ion alone, however, cannot 
replace transition and heavy metals from the resin. 
Metals that form extremely stable anionic complexes with oxalic 
acid are separated by anion-exchange reactions in the separator column. 
34* 
Trivalent metals (e.g., Fe ) form trivalent anionic complexes with 
oxalic acid, which are strongly retained by the column and cannot be 
determined using oxalic acid eluent (Equation [8]). 
[M(OX)g]^" + Resin-OX -^^-> No reaction . [8] 
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The predominant exchange mechanism for each metal is dependent upon the 
stability of the metal-oxalate complex and the eluent pH. Regardless 
of the eluent used, the separated bands of transition and heavy metals 
are eluted into the postcolumn membrane reactor whereby they react with 
PAR to form colored complexes, which absorb light. This is accomplished 
by delivering PAR to the PGR from a pressurized postcolumn reagent 
delivery module. Under pressure ('\/60 psi), the PAR solution is forced 
to diffuse through the wall of the fiber membrane and into the eluent 
stream resulting in the formation of metal-PAR complexes (Figure 1). 
The postcolumn derivatization reactions are similar for either PDCA or 
oxalic acid eluent IC systems: 
A UV-VIS detector is used to measure the difference between the absorb-
ance of the.metal PAR complexes and the background solution. The 
difference in absorbance values are recorded as positive peaks by a 
recorder or integrator.. 
Separation of metallic species by IC can be controlled by column 
length, eluent composition, concentration and pH, and flow rate. The 
optimum IC operational conditions for the determination of a standard 
containing a mixture of transition and heavy metals by using PDCA as 
an eluent are described in the caption of Figure 2a. Under these 
3+ 2+ 
conditions, Fe and Pb coelute and this combined peak exhibits 
[MCPDCA)^]^" + PAR > M-PAR + 2 PDCA^" 
[M(0X)2]^" + PAR > M-PAR + 2 OX^" . [10] 
[9] 
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tailing effects. The time required for complete separation of all other 
metals was approximately 12 min. A typical chroraatogram of a solution 
containing a similar mixture of transition and heavy metals by using 
oxalic acid as an eluent is illustrated in Figure 2b. Under these 
2+ 2+ 
conditions, Cd and Mn coeluted as a single peak. A variety of 
O I ^ I 
chromatograph parameters were tested, but separation of Cd and Mn 
could not be achieved by using oxalic acid as an eluent. Also, because 
of the strong affinity of its oxalate complex for the exchange resin, 
3+ 
Fe could not be determined by using this eluent. However, the time 
required for separation and determination of all the metals was 
approximately 10 min. 
Preliminary work showed that direct injection of acidic samples 
(pH <3) did not result in metal separation. This was attributed to 
protonation of PDCA or oxalate eluent, which reduced its effective 
concentration needed for metal separation. The use of NaOAc-HOAc buffer 
in the PDCA eluent or LiOAc-HOAc buffer in the oxalic acid eluent 
extended the tolerance of sample acidity to pH 1. Although direct 
injection of the HCIO^ sample digests was possible with respect to 
acidity, the sample digest precipitated when injected into the higher 
pH (4.8) eluent in the separator column. Precipitation resulted in some 
metal loss, backpressure increase, and eventual loss of chromatographic 
performance. Also, the large amount of dissolved Fe in the soil digests 
prevented metal determination by saturating the column when PDCA eluent 
was used or by being adsorbed onto the column when oxalic acid eluent 
Figure 2. Typical chromatogram of transition and heavy metals obtained 
by (A) IC by using PDCA as an eluent for a standard solution 
containing 1 mg L~^ each of Fe^^, Cu^*, Zn^*, Co^*, Mn^*; 
3 mg L~^ each of Cd^"*", Ni^*, Fe^^; and 10 mg L~^ of Pb^*; 
(B) IC by using oxalic acid as an eluent for standard solu­
tion containing 0.5 mg each of Cu^*, Zn^^, Cd^^, Co^*, Mn^"*"; 
3 mg L ^  of Ni^*; and 5 mg L~^ of Pb^*. IC operational con­
ditions: columns, HPIC-CG5 guard column, HPIC-CS5 separator 
column; eluent flow rate, 1.0 mL min~^; postcolumn reagent 
flow rate, 0.7 mL min~^, postcolumn delivery module pressure, 
60 psi Ng: UV-VIS detector settings, 0.2 absorbance unit full 
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was used, thereby decreasing the column, efficiency. This resulted in 
a complete loss of metal separation. 
In an attempt to separate transition and heavy metals from major 
elements (Ca and Mg) responsible for precipitation in the separator 
column and from the large quantities of dissolved Fe, several solvent 
extraction procedures were tested. The most commonly used solvent 
extractions employ compounds that form metal chelates that are soluble 
in organic solvents. Two such compounds are APDC (ammonium 1-
pyrrolidinecarbodithioate) and DDDC (diethylammonium diethyldithio-
carbamate). Although these compounds have been used successfully for 
solvent extraction of many transition and heavy metals from natural 
waters (Bruland et al., 1979; Danielsson et al., 1978; Kinrade and Van 
Loon, 1974), problems were encountered when these procedures were 
applied to total metal analysis of soils. Large amounts of dissolved 
Fe in the soil digest either formed precipitates with APDC or DDDC 
during extraction or were extracted and later interfered with the 
chromatographic determination of the metals of interest. 0ien and 
Gjerdingen (1977) removed this Fe interference by a prior extraction 
of the soil digest with acetylacetone followed by an APDC extraction 
for determination of total Cd and Pb in soil digests. In this work, 
I found that this procedure allowed excellent recovery of Cd, Pb, and 
Ni and was adaptable to the IC system. However, determination of total 
Zn and Cu was not possible because these metals were coextracted with 
Fe by acetylacetone prior to APDC extraction. lu et al. (1979) reported 
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a dithizone (diphenylthiocarbazone) solvent extraction for determination 
(by AA) of Cd, Co, Cu, Ni, and Pb in soil extracts containing large 
amounts of dissolved Fe. After modification of their procedure to 
accommodate large quantities of dissolved transition and heavy metals, 
I found that this procedure quantitatively recovered Cd, Cu, Ni, Pb, 
and Zn in standard solutions containing HCIO^ and high concentration 
of dissolved Fe. Also, dithizone does not completely extract Fe or 
other major metal constituents found in soil digests (e.g., Na, K, Ca, 
Mg, and Al). Some transition metals, such as Mn, are only partially 
complexed and extracted by dithizone. Quantitative extraction and 
recovery of Mn can be achieved by addition of pyridine to the sample 
before dithizone extraction (Akaiwa and Kawamoto, 1968; Marczenko and 
Mojski, 1971). Under these conditions, Mn is extracted into the CHClg 
phase as a mixed complex [Mn(DTZ)2(Pyr)2]. Therefore, by adding 
pyridine to the soil digest, I was able to quantitatively recover Mn 
in addition to the previously mentioned transition and heavy metals. 
However, direct injection of these metal dithizonates in CHClg was not 
possible because organic solvents damage the polystyrene divinylbenzene 
resin of the separator column. Therefore, the metals must be dissolved 
in an aqueous solution (pH >^1) before injection into the IC. This was 
accomplished by evaporation of the CHClg phase and destruction of the 
metal dithizonates by addition of concentrated HNOg, followed by 
evaporation of the concentrated HNOg and dissolution of the metals in 
0.1 M HCl, which is compatible with the IC system. 
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Figure 3 shows typical chromatograms of total transition and heavy 
metals in soils. These chromatograms were generated by direct injec­
tion of the digested metal-dithizone extracts. Copper, Zn, and I4n were 
the only metals present in measurable amounts in diluted digests 
obtained for the metal-dithizone extracts as illustrated by the 
chromatogram obtained for Osorno soil (Figure 3a). Cadmium was present 
in measurable amounts in undiluted digests; however, direct injection 
of the digest resulted in a large Zn peak, which could not be resolved 
from the small Cd peak when PDCA was used as an eluent. Excellent peak 
resolution and baseline was obtained by diluting the digest before 
injection into the IC, as illustrated by the chromatogram obtained for 
Osorno soil (Figure 3a,b). However, Pb and Cd were not present in 
measurable amounts after dilution of the digests because of their low 
natural abundance in the soils studied. All metals investigated were 
present in measurable amounts in the undiluted digest when oxalic acid 
was used as an eluent (Figure 3c). Manganese and Cd coeluted as a 
single peak, which prevented determination of these metals with oxalic 
acid by IC. Therefore, PDCA eluent was used for determination of total 
Cu, Mn, and Zn; and oxalic acid eluent was used for determination of 
total Cu, Ni, Pb, and Zn in soils by the IC method. 
Total Cd, Cu, Mn, Ni, Pb, and Zn in Soils 
The IC method was evaluated by comparing its results with those 
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Figure 3. Typical chromatogram of transition and heavy metals in Osorno 
soil by using (A) PDCA as an eluent, (B) oxalic acid as an 
eluent after dilution of digested raetal-dithizone extract, 
and (C) for undiluted digest by using oxalic acid as an 
eluent. For operational conditions, see caption of Figure 2 
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metal-dithizone digests. The results for total Cu, Mn, and Zn by the 
IC method using PDCA as an eluent agreed closely with those obtained 
by AA (Figure 4). The results obtained with 14 soils ranged from 16.4 
to 72.4 mg kg from 123 to 728 mg kg"^, and from 45.0 to 214 mg kg~^ 
for total Cu, Mn, and Zn, respectively. Similarly, the results of total 
Cu, Ni, Pb, and Zn by the IC method using oxalic acid as an eluent 
agreed closely with those obtained by AA (Figure 5). The results 
obtained with 14 soils ranged from 16.5 to 72.4 mg kg~^ and from 14.0 
to 38.8 mg kg for total Cu and Ni, respectively. Results obtained 
for total Pb and Zn in the same soils by the IC method ranged from 5.4 
to 46.8 mg kg ^ and from 45.6 to 214 mg kg~^, respectively. 
To evaluate the effect of the dithizone extraction of the HCIO^ 
digest on determination of the metals in soils, the HCIO^ digests were 
analyzed directly by AA before extraction with dithizone. Results of 
total Cu, Ni, and Zn in HCIO^ digests agreed closely with those obtained 
for digests of the metal-dithizone extracts (Figures 6b,d,f). However, 
results by the IC method for total Cd, Mn, and Pb in HCIO^ digests were 
in poor agreement with those obtained for digests of the metal-dithizone 
extracts (Figures 6a,c,e). In general, results obtained before dithi­
zone extraction were greater than those obtained after extraction, which 
indicated incomplete recovery of these metals from the HCIO^ digests 
by the dithizone extraction procedure. 
Further work showed poor recovery of added Mn and Pb from spiked 
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Figure 5. Comparison of total metal values in soils obtained by IC with 
oxalic acid as an eluent and by flame AA methods: (A) Cu, 
(B) Ni, (C) Pb, and (D) Zn 
Figure 6. Comparison of results obtained for total metal values in 
soils by flame ÂA before and after dithizone extraction: 
(A) Cd, (B) Cu, (C) Mn, (D) Ni, (E) Pb, and (F) Zn 
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recovery of these metals was obtained from standard solutions made to 
contain equivalent amounts of HCIO^ as that of the samples and high 
concentrations of Fë. Two possible explanations for the incomplete 
dithizone extraction of metals from the soil digests are: (1) larger 
amounts of these metals are present in some soil samples as compared 
with the amounts prepared in standards, and (2) the presence of larger 
amounts of interférants in the soil samples (e.g., Fe) compared to the 
standards. The first possibility was investigated by increasing the 
concentration of dithizone in CHCl^, by increasing the extraction time, 
and by increasing the pyridine concentration used in the extraction 
procedure. Increasing the concentration of dithizone in CHClg and 
pyridine concentration by a factor of 2 showed no effect on the poor 
recovery of Pb and Mn from HCIO^ digests. Changing the total extraction 
time from 15 to 60 min showed no effect on the Pb recovery but showed 
a large decrease in Mn recovery. No explanation is available for the 
decreased recovery of Mn with increased extraction time. 
Dissolved Fe(III) will oxidize dithizone in solution (Sandell and 
Onishi, 1978). Addition of hydroxylamine hydrochloride to reduce 
Fe(III) to Fe(II) before extraction with dithizone is commonly recom­
mended (lu et al., 1979; Sandell and Onishi, 1978). Also, the addition 
of citric acid before extraction with dithizone should remove Fe(III) 
interference by complexation. Increasing the amount of citrate buffer 
from 5 to 10 mL somewhat increased metal recovery from HCIO^ digests. 
Studies investigating hydroxylamine hydrochloride addition showed that 
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increasing the amount of this reagent from 2 to 10 raL had no effect on 
the Pb recovery but substantially decreased the Mn recovery. Omission 
of hydroxylamine hydrochloride before extraction with dithizone resulted 
in the greatest metal recovery for Pb and Mn, but still quantitative 
recovery was not realized. This result contradicts previous findings 
in the literature and no explanation for this phenomenon is provided. 
Other interférants that prevent Pb recovery by using dithizone extrac­
tion include the presence of large amounts of dissolved Al. Schultz 
and Goldberg (1943) found that as many as six extractions were neces­
sary to recover 10 g of Pb in the presence of 60 mg of Al, which 
requires considerable time and effort. 
Background or matrix effect in determination of the metals by AA 
was investigated to offer a possible explanation for the disagreement 
of the Cd and Pb values obtained before and after extraction with 
dithizone. Positively biased results can be obtained for trace metal 
analysis by AA because of the background absorbance effect of the sample 
matrix (Baker and Suhr, 1982). Major cation constituents (Fe, Ca, Mg, 
Na, K, Al) present in acid digests have been found to contribute 
significant background absorbance by AA, resulting in positively biased 
results for total Pb, Ni, and Cd for soils and geologic materials 
(Govett and Whitehead, 1973; Waughman and Brett, 1980). Significant 
errors for trace metal were present even when correction methods for 
background absorbance by AA were employed. I found that standard 
solutions containing high concentrations (e.g., 10,000 ppm) of Ca or 
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Al contribute significant background absorbance to Cd, Pb, and Ni 
determination by AA. In further work, I investigated possible matrix 
effect by comparing results obtained with and without standard 
additions of Cd, Cu, Mn, Ni, Pb, and Zn to HCIO^ digests. Results 
showed that background absorbance values by AA from the sample matrix 
was insignificant when background correction was employed for all metals 
except Cd. This was attributed to the low concentration of Cd in these 
digests, which resulted in a large background/Cd absorbance ratio. 
Background correction techniques by AA are not adequate when the 
background absorbance value is >10% of the sample metal absorbance value 
(USEPA, 1974). Solvent extraction can be used to remove the interfer­
ences by separating trace metals from the major cation constituents 
present in the soil digests. Therefore, the results obtained by AA 
analysis after dithizone extraction should represent accurate amounts 
of total Cd in the soils analyzed. 
Precision of the Ion Chromatographic Method 
Table 2 shows results obtained in comparing the precision of IC 
and AA methods for determination of total Cu, Ni, and Zn in soil digests 
after dithizone extraction. The results in Table 2 were obtained from 
seven replicated digestions and analyses. 
The means of the total Cu values ranged from 17.7 to 55.4 mg kg"\ 
from 17.1 to 55.5 mg kg~^, and from 17.3 to 56.3 mg kg~^ with coeffi­
cients of variation (CV) ranging from 4.5 to 6.2%, from 3.1 to 5.9%, 
Table 2. Comparison of precision of IC and AA methods for determination 
of total Cu, Ni, and Zn in soils 
IC (PDCA eluent)^ 
Metal Soil Range Mean SD CV° 
, -1 
-rag kg % 
Cu Tama 16.4-19.9 17.7 1.1 6.2 
Nicollet 19.9-23.0 21.5 1.0 4.8 
Osorno 51.9-58.2 55.4 2.5 4.5 




Domino + SS 
Zn Tama 47.5-54.8 51.6 2.6 5.0 
Nicollet 48.2-54.6 51.6 2.4 4.6 
Osorno 90.8-111 98.7 7.5 7.5 
Domino + SS 178-228 207 14.8 7.1 
^Results of seven replicate digestions and analyses. SD, standard 
deviation. 
^CV, coefficient of variation. 
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IC (Oxalate eluent) 
Range 
a 
Mean SD CV 
AA' 
Range Mean SD 
CV' 
-mg kg -1 % -mg kg -1 % 
16.3-18.8 17.1 0.85 5.0 16.5-18.6 17.3 0.84 4.9 
18.6-23.1 20.8 1.2 5.9 19.5-23.0 20.7 1.0 4.8 
53.4-58.0 54.9 1.7 3.1 53.2-57.3 55.6 1.3 2.4 
51.3-57.5 55.5 2.1 3.7 51.6-60.3 56.3 2.7 4.9 
16.1-20.0 18.2 1.2 6.4 16.4-20.4 18.0 1.4 7.6 
14.3-15.9 15.2 0.54 3.6 14.0-16.0 15.3 0.64 4.2 
13.1-14.4 13.7 0.44 3.2 13.2-14.9 14.0 0.64 4.6 
22.8-26.4 25.2 1.2 4.7 23.9-26.8 25.6 0.99 3.9 
47.2-54.4 50.9 2.8 5.6 46.5-54.1 50.7 2.9 5.6 
47.2-54.5 50.9 2.9 5.7 49.1-57.4 51.7 2.7 5.3 
91.1-111 103 6.3 6.1 95.1-119 103 7.1 6.9 
190-215 202 8.5 4.2 190-231 211 13.6 6.4 
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and from 2.4 to 4.9% for the IC method by using PDCA as an eluent, the 
IC method by using oxalic acid as an eluent, and the AA method, 
respectively. The means of the total Ni values ranged from 13.7 to 25.2 
mg kg~^ and from 14.0 to 25.6 mg kg ^ with CV values ranging from 3.2 
to 6.4% and from 3.9 to 7.6% for the IC and AA methods, respectively. 
— 1 
The means of the total Zn values ranged from 51.6 to 207 mg kg" , from 
— 1  —1 
50.9 to 202 mg kg" , and from 50.7 to 211 mg kg" with CV values ranging 
from 4.6 to 7.5%, from 4.2 to 6.1%, and from 5.3 to 6.9% for the IC 
method using PDCA as an eluent, the IC method using oxalic acid as an 
eluent, and the AA method, respectively. 
Table 3 shows results obtained for precision of the AA method for 
determination of total Cu, Ni, and Zn in HCIO^ digests before extrac­
tion with dithizone. The results in Table 3 were obtained from seven 
replicated digestions and analyses. The means ranged from 17.5 to 56.2 
mg kg from 15 to 25.7 mg kg"^, and from 51.3 to 204 mg kg"^ for total 
Cu, Ni, and Zn, respectively. Comparison of the CV values obtained for 
these metals by the AA and IC methods showed that approximately the same 
degree of precision was obtained by these methods for digests prepared 
after dithizone extraction (Tables 2 and 3). 
The high precision of the IC method for determination of total Cu, 
Ni, and Zn in a variety of soils is illustrated in Table 4. These 
results were obtained for six analyses of the same soil digest by the 
IC method. The means obtained for total Cu ranged from 19.9 to 55.4 
mg kg~^ and from 17.1 to 57.5 mg kg~^ with CV values ranging from 2.9 
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Table 3. Precision of the AA method for determination of selected 
metals in HCIO^ digests 
Total metal^ 
Metal Soil Range Mean SD CV° 
—mg kg"^ % 
Cu Tama 16.6-18.2 17.5 0.5 2.8 
Nicollet 19.8-21.3 20.6 0.52 2.5 
Osorno 54.2-57.0 55.4 0.95 1.7 
Domino + SS 53.6-59.4 56.2 1.5 2.7 
Ni Tama 16.6-19.9 17.7 1.1 6.3 
Nicollet 14.4-15.5 15.0 0.33 2.2 
Osorno 13.3-14.1 13.7 0.32 2.3 
Domino + SS 24.8-26.5 25.7 0.47 1.8 
Zn Tama 49.3-54.5 51.5 1.8 3.5 
Nicollet 48.7-54.1 51.3 2.3 4.5 
Osorno 94.6-111 103 6.3 6.1 
Domino + SS 190-217 204 9.2 4.5 
^Range of seven replicate digestions and analyses; SD, standard 
deviation. 
^CV, coefficient of variation. 
100 
Table 4. Precision of IC for determination of total Cu, Ni, and Zn in 
soils 
Total metal^ K 
Metal Soil Eluent Range Mean SD cv° 
•mg kg"l—— % 
Cu Tama PDCA 19.0-21.3 19.9 0.7 3.5 
Oxalate 16.8-17.4 17.1 0.2 1.0 
Nicollet PDCA 20.6-23.1 21.6 0.9 4.1 
Oxalate 18.0-18.2 18.1 0.1 0.4 
Osorno PDCA 53.4-58.1 56.6 1.6 2.9 
Oxalate 54.4-57.3 56.2 1.2 2.1 
Domino + SS PDCA 53.9-59.5 55.4 1.8 3.3 
Oxalate 56.5-59.0 57.5 0.8 1.5 
Ni Tama Oxalate 55.6-58.4 57.0 0.9 1.7 
Nicollet Oxalate 14.2-15.4 14.9 0.4 2.8 
Osorno Oxalate 13.5-14.0 13.8 0.3 1.9 
Domino + SS Oxalate 22.5-26.3 24.8 1.2 4.9 
Zn Tama PDCA 52.8-54.7 53.8 0.6 1.1 
Oxalate 55.6-58.4 57.0 0.9 1.7 
Nicollet PDCA 53.2-55.1 54.0 0.8 1.5 
Oxalate 52.0-54.9 53.4 1.0 1.8 
Osorno PDCA 105-112 110 2.4 2.2 
Oxalate 103-111 107 2.6 2.5 
Domino + SS PDCA 212-217 214 1.5 0.7 
Oxalate 208-220 212 4.0 1.9 
^Range of six replicate injections and analyses of the same soil 
digest; SD, standard deviation. 
^CV, coefficient of variation. 
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to 4.1% and from 0.4 to 2.1% for the IC. method using PDCA and oxalic 
acid as eluents, respectively. The corresponding means for total Zn 
ranged from 53.4 to 214 mg kg~^ and from 53.4 to 214 rag kg"'" with CV 
values ranging from 0.7 to 2.2% and from 1.7 to 2.5%. The mean and CV 
values for total Ni ranged from 13.8 to 57.0 mg kg~^ and from 1.7 to 
4.9%, respectively. 
In general, the IC method has comparable sensitivity to flame AA 
for determination of several transition and heavy metals (Table 5). 
Expressed in mg L the detection limits of the IC method by using PDCA 
eluent for Cu, Ni, and Zn are 0.01, 0.10, and 0.01, respectively. Even 
lower detection limits of 0.005, 0.02, and 0.005 mg L"^ can be obtained 
by the IC method by using oxalic acid as an eluent for determination 
of Cu, Ni, and Zn, respectively. 
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Table 5. Sensitivities and detection limits of ion chromatography for 
selected metals 
Metal 









Cd 15 27 66 70 50 
Co 90 164 29 10 5 
Cu 90 220 45 10 5 
Fe2+ 24 ND^ 40 50 
Fe3+ 76 ND 40 10 — —  
Mn 40 68 66 30 10 
Ni 11 52 25 100 20 
Pb 1 18 15 800 50 
Zn 85 292 110 10 5 
AU, absorbance unit. 
b 
Limit of detection; concentration that produces a signal twice 
that of the background noise. 
^Cannot be determined by oxalic acid eluent. 
103 
PART II. DETERMINATION OF METALS IN SEWAGE SLUDGES 
BY ION CHROMATOGRAPHY 
104 
INTRODUCTION 
In addition to beneficial elements, sewage sludge may contain toxic 
elements that include several transition metals (e.g., Cu, Ni, and Zn) 
and heavy metals (e.g., Cd and Pb). Although the concentration of these 
metals in sewage sludge varies considerably and is dependent upon the 
source, many sewage sludges contain high levels of toxic metals that 
exceed the natural abundance found in soils (Haque and Subramanian, 
1982). Therefore, determination of the total metal content of sewage 
sludges is routinely conducted to assess the potential effect of these 
materials when applied to land. Although sewage sludges are generally 
composed of organic material, both sewage sludges and soils contain 
inorganic constituents. Therefore, the methods commonly used for deter­
mination of total transition and heavy metal content of soils are 
adapted for determination of these metals in sewage sludges. Although 
the procedures commonly used are dependent upon the metal of interest 
and vary considerably, the approach of these methods consist of two 
basic steps. The sample is decomposed followed by dissolution and 
analysis of the metals in the sample digest. Most digestion methods 
employ HNOg, HCIO^, and may include HF to decompose and dissolve the 
sample (Baker and Amacher, 1982; Fiskell, 1965). The total amount of 
the individual metals is then determined separately by atomic absorption 
spectrophotometry (AA) or simultaneously by optical .emission spectrom­
etry (Baker and Amacher, 1982). Among these methods, AA is widely used 
105 
for determination of transition and heavy metals. Although AA is the 
method of choice, matrix effects from high solute concentration and from 
high concentration of certain metals may result in several orders of 
magnitude of error for trace metal analysis (Baker and Suhr, 1982; 
Billings, 1965;. Koirtyohann and Pickett, 1965; Mubarak et al., 1978; 
Waughman and Brett, 1980). Although current commercial AA instruments 
have means of background correction (Emmel et al., 1977), large errors 
have been encountered in using background correction to measure total 
trace metals in soils (Waughman and Brett, 1980). These errors may 
affect the determination of metals in sewage sludges. 
In recent years, ion chromatography (IC) has become a rapid and 
sensitive technique for analyzing complex mixtures of ions. Although 
previous work in this area mainly encompassed determination of anions 
and alkali and alkaline-earth metals, recent developments describe 
application of IC for determination of several transition and heavy 
metals (Dionex Corporation, 1984; Slingsby and Riviello, 1983). One 
of the advantages of IC is the separation of the trace metals from the 
sample matrix before their measurement. Although the IC method may be 
useful in determination of total trace metals in sewage sludge, no 
information is available about determination of transition or heavy 
metals in sewage sludge by this technique. Therefore, the objective 
of this work was to evaluate the Dionex Model 2002i IC for determination 
of several transition and heavy metals in sewage sludges. The results 
obtained by the IC method were compared with those obtained by AA. 
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MATERIALS AND METHODS 
The sewage sludge samples used (Table 1) were collected from 
wastewater treatment plants in Iowa. The samples were liquid sewage 
sludge collected in plastic containers and air-dried after the volume 
was measured. The solid air-dried material was ground to pass a 60-mesh 
sieve and was stored in a glass bottle at 4°C. These samples were 
selected to give a wide range in organic C, percentage solids, and pH. 
In the chemical analyses reported in Table 1, organic C was determined 
by the method of Mebius (1960); and pH of the liquid sewage sludge was 
determined by a glass-electrode. Other chemical analyses of these 
sludges, including NH^*-N, NOg"-N, inorganic P, total N, S, P, Ca, Mg, 
Na, K, Fe, Ag, As, B, Be, Cd, Co, Cr, Cu, Hg, Mn, Mo, Ni, Pb, Se, Sr, 
V, and Zn, have been reported by Tabatabai and Frankenberger (1979). 
Reagents 
Dithizone in chloroform (0.2% w/v), ammonium citrate buffer, 
hydroxylamine hydrochloride, PDCA eluent, oxalic acid eluent, and post-




Approximately 0.5 g of air-dried sewage sludge was placed in a 
100-raL Teflon beaker. The wet digestion method employed has been 
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Table 6. Properties of sewage sludges used 
No. Location Sludge source Org C Solid pH 
% 
1 Iowa City Primary digestor 11.2 13.8 7.4 
2 Solon Imhoff tank 19.7 38.5 6.5 
3 Muscatine Raw primary 25.0 10.7 6.9 
4 Pella Imhoff tank 25.6 7.91 6.6 
5 Davenport Secondary digestor 28.5 9.38 6.9 
6 Ames Secondary digestor 33.9 7.04 7.0 
7 Correctionville Imhoff tank 42.4 13.9 6.2 
8 Sidney Imhoff tank 43.8 9.41 5.8 
9 Oskaloosa Raw primary 46.0 4.73 5.2 
10 Keokuk Primary digestor 52.9 6.31 7.4 
previously described by Burau (1982). In this method, 5 mL of concen­
trated HNOg was added to the sample, and the contents heated to near 
dryness to destroy some of the organic matter. Subsequently, 6 mL of 
HCIO^ was added and the residue was heated until a colorless residue 
was obtained. To ensure decomposition of silaceous material, if 
present, 5 mL of HF was added and heated until the appearance of HCIO^ 
fumes. The HF treatment was repeated to ensure that dissolution of all 
silicate minerals was complete. The contents were transferred to a 
100-mL polyethylene bottle to which 5.6 g of HgBOg was added. The 
sample was shaken and then filtered through a 0.2-wm Metricel membrane 
filter. The Cd, Cu, Mn, Ni, Pb, and Zn content of the acid digest was 
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determined by flame atomic absorption spectrophotometry (AA) using the 
Perkin Elmer Model 5000 atomic absorption spectrophotometer. 
Metal extraction by dithizone 
A 25-mL aliquot of the sample digest was placed in a 100-mL beaker. 
Deionized water (25 mL) was added to help prevent precipitation followed 
by addition of 5 mL of ammonium citrate buffer, 2mL of NHgOHCHCl), and 
2.5 mL of reagent grade pyridine. The contents were mixed and the pH 
was adjusted with 10 M NaOH to pH 9.5 using a glass electrode. The 
contents were transferred to a 125-mL ground-glass Erlenmeyer flask and 
15 mL of dithizone solution was added. The metal-dithizonate was 
extracted as described for soils in Part I. 
Ion chromatograph 
The ion chromatograph (IC) used was a Dionex Model 2002i instru­
ment, which is a high pressure liquid chromatograph. Two IC systems 
were employed. Cadmium, Cu, Mn, and Zn were determined by an IC system 
using PDCA eluent; and Cu, Ni, Pb, and Zn were determined by an IC 
system using oxalic acid eluent. Both systems are described in Part I. 
Sample analysis 
Approximately 2 mL of the digested metal-dithizone extract was 
injected into the IC to ensure flushing of the sample loop. All samples 
were filtered through a 0.2-wm Metricel membrane filter before injec­
tion into the IC. 
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The absorbance of the metal complexes was recorded by measuring 
the peak heights by using a Perkin Elmer LCI-lOO integrator. The 
results of Cd, Cu, Mn, Ni, Pb, and Zn were calculated from calibration 
curves obtained with standard solutions prepared from Fisher certified 
AA standards. 
The results obtained by the IC method were compared with those 
obtained by flame AA. Furthermore, the results obtained by AA and IC 
for the digested metal-dithizone extracts were compared with the results 
obtained by flame AA for the HCIO^ digests (before dithizone-pyridine 
extraction). 
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RESULTS AND DISCUSSION 
The IC method employs the following components: (1) an eluent 
reservoir, (2) a pump, (3) a sample-injection device, (4) a precolumn 
to protect the separator column by removing suspended particulates and 
other potentially poisonous substances from the eluent system, (5) a 
separator column wherein the species are resolved by conventional ion 
exchange chromatography followed by (6) a postcolumn membrane reactor 
wherein the separated transition and heavy metals are converted to forms 
that absorb light, (7) a UV-VIS detector, and (8) a recorder or 
integrator. Figure 1 shows the components of this IC system. Figure 
7 shows the chemical reactions of the Dionex Model 2002i IC using PDCA 
or oxalic acid eluent for determination of transition and heavy metals. 
Transition and heavy metals have a high affinity for the cation-exchange 
resin of the separator column. Therefore, eluents containing Na"*" or 
are not effective replacing cations for ion exchange reaction with 
transition metals. Furthermore, many of the transition metals have the 
same relative affinity for the ion exchange resin making separation of 
these metals difficult. Eluents that contain metal-complexing acids, 
such as PDCA or oxalic acid, can be used for separation of these metals. 
These acids react with the injected sample metals to form anionic metal 
complexes that compete with the organic acid anion for the exchange 
sites of the resin by anion exchange reactions. Trivalent metals (e.g., 
3+ 
Fe ) form trivalent anionic complexes which are strongly retained by 
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the column and cannot be determined using oxalic acid eluent. 
Separation of the metals is dependent upon the relative affinity of 
their respective anionic complexes for the resin. In addition to anion 
exchange, metals are separated by cation exchange when oxalic acid 
containing Li^ is used as an eluent. Sodium ions cannot be substituted 
for Li because Na ions have higher affinity than Li for the exchange 
sites. Oxalate anions compete with the resin for the metal ions and 
separation is based on differences in metal-oxalate formation and 
stability. 
The separated bands of transition and heavy metals are eluted into 
the postcolumn membrane reactor (PGR), wherein they react with PAR to 
form complexes that absorb light. This is accomplished by delivering 
PAR to the PGR from a pressurized postcolumn reagent delivery module. 
Under pressure (~60 psi), the PAR solution is forced to diffuse through 
the wall of the fiber membrane and into the eluent stream resulting in 
the formation of raetal-PAR complexes (Figure 8). The difference between 
the absorbance of the metal-PAR complexes and the background solution 
is measured by a UV-VIS detector and recorded as peaks by a recorder 
or integrator. 
Preliminary work showed that direct injection of acidic samples 
(pH <3) did not result in metal separation. This was attributed to 
protonation of the PDCA or oxalate eluents that reduces their effective 
concentration needed for metal separation. The use of sodium 
acetate-acetic acid buffers in the PDGA eluent or lithium acetate-acetic 






















acid in the oxalic acid eluent extended the tolerance of sample acidity 
to pH 1.0. Although direct injection of the HCIO^ sample digests was 
possible with respect to acidity, the sample digest precipitated when 
injected into the higher pH (4.8) of the eluent stream in the separator 
column. Precipitation resulted in some metal loss, backpressure 
increase, and eventual loss of chromatographic performance. 
Other problems encountered in analyzing the HClO^-sewage sludge 
digests were the same as those described in analyzing the soil digests 
(Part I). Also, problems encountered by using APDC and DDDC solvent 
extraction procedures (Balraadjsing, 1974; Bruland et al., 1979; 
Danielsson et al., 1978; Kinrade and Van Loon, 1974; 0ien and 
Gjerdingen, 1977) for sewage sludge digests were similar to those 
encountered in analyzing the soil digests (Part I). However, solvent 
extraction with dithizone and pyridine in CHClg (Akaiwa and Kawamoto, 
1968; Marczenko and Mojski, 1971; Sandell and Onishi, 1978; Stary, 1964) 
of the sewage sludge-HClO^ digests, followed by evaporation of CHClg, 
oxidation of the metal dithizonates by adding concentrated HNO^, and 
subsequent dissolution of the metals in 0.1 M HCl, is compatible with 
the IC system. 
Total Cd, Cu, Mn, Ni, Pb, and Zn in Sewage Sludges 
Chromatograms of standard solutions were presented in Figure 2, 
Part I. All metals investigated were present in measurable amounts in 
the digested metal-dithizone extracts of the sewage sludges (Figure 9A). 
Excellent peak resolution and baseline were obtained by injection of 
Figure 9. Typical chromatogram of transition and heavy metals in sewage 
sludges obtained by using (A) oxalic acid as an eluent for 
undiluted digested metal-dithizone extract, (B) oxalic acid 
as an eluent for diluted digest, and (C) PDCA as an eluent 
for diluted digest. For IC operational conditions, see 
caption of Figure 2, Part I 
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diluted digests of the metal-dithizone extracts (Figure 9B); however, 
Pb was not present in measurable amounts after dilution of these digests 
because of low Pb content of the sewage sludges. The time required for 
determination of Pb, Cu, Zn, and Ni by IC using oxalic acid as an eluent 
was approximately 12 min. Copper, Zn, and Mn were the only metals 
present in measurable amounts in the diluted digests when PDCA was used 
as an eluent, as illustrated by the chromatogram obtained for sewage 
sludge no. 5 (Figure 9C). Cadmium was present in measurable amounts; 
however, direct injection of the undiluted digests of the metal-
dithizone extracts resulted in a large Zn peak that could not be 
resolved from the small Cd peak. The time required for analysis of 
these metals by IC was approximately 11 min. 
Therefore, PDCA eluent was used for determination of total Cu, Mn, 
and Zn; and oxalic acid eluent was used for determination of total Cu, 
Ni, Pb, and Zn in sewage sludges by the IC method. 
The IC method was evaluated by comparing its results with those 
obtained by AA for Cu, Mn, Ni, Pb, and Zn in the digested metal-
dithizone extracts. The results for total Cu, Mn, and Zn by the IC 
method using PDCA eluent agreed closely with those obtained by AA 
(Figure 10). The results obtained with 10 sewage sludges ranged from 
117 to 1123 mg kg~^, from 131 to 1245 mg kg"^, and from 444 to 2235 
mg kg~^ for total Cu, Mn, and Zn, respectively. Similarly, the results 
of total Cu, Ni, Pb, and Zn by the IC method using oxalic acid eluent 
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Figure 11. Comparison of total metal values in sewage sludges obtained 
by IC with oxalic acid as an eluent by flame AA methods: 
(A) Cu, (B) Ni, (C) Pb, and (D) Zn 
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obtained for total Cu, Ni, Pb, and Zn in the same sewage sludges ranged 
from 108 to 1158 mg kg~^ for Cu, from 13.3 to 87.7 mg kg~^ for Ni, from 
68 to 630 mg kg~^ for Pb, and from 231 to 2301 mg kg"^ for Zn. 
To evaluate the effect of the dithizone extraction of the sewage 
sludge-HClO^ digest on recovery of metal, the sewage sludge-HClO^ 
digests were analyzed directly by AA. In general, results for total 
Cd, Cu, Ni, Mn, Pb, and Zn in the HCIO^ digests agreed closely with 
those obtained after digestion of the metal-dithizone extracts. Figure 
12 shows that complete metal recovery was obtained by dithizone 
extraction. Results obtained before extraction were somewhat greater 
than those obtained after dithizone extraction for Mn in sewage sludge 
no. 4 (Figure 12C) and Pb in sewage sludges no. 1 and no. 4 (Figure 
12C). The dithizone extraction required raising the pH of the HCIO^ 
digest to 9.5 before extraction. Although citric acid was added to 
prevent precipitation, slight precipitation of sewage sludges no. 4 and 
no. 1 occurred when the pH of the HCIO^ digests was raised to 9.5. 
Coprecipitation of Pb and Mn in these samples could account for the low 
recovery of these metals in these sewage sludges because tests showed 
poor recovery of added Mn and Pb from spiked HCIO^ digests of sewage 
sludges no. 4 and no. 1. 
Positively biased results can be obtained for trace metals when 
determined by AA because of background absorption of the sample matrix 
(Baker and Suhr, 1982). Govett and Whitehead (1973) and Waughman and 
Brett (1980) found that major cation constituents (Fe, Ca, Mg, Na, K, 
Figure 12. Comparison of results obtained for total metal values in 
sewage sludges by flame AA before and after dithizone 
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Al) present in acid digests contribute significant background absorp­
tion resulting in positively biased results for determination of total 
Pb, Ni, and Cd in soils and geologic materials. They found significant 
errors for trace metal determinations were present even when correction 
methods for background absorption were employed. In further work, I 
investigated possible matrix effects by comparing results obtained with 
and without standard additions of Cd, Cu, Mn, Ni, Pb, and Zn to sewage 
sludge digests (HCIO^). Results showed that background absorption for 
the sample matrix was insignificant when background correction was 
employed for all of these metals. However, other work has shown that 
background correction techniques are not adequate when the background 
absorption is >10% of the sample metal absorption (USEPA, 1974). 
Therefore, solvent extraction should be employed to ensure removal of 
matrix interferences before determination of transition and heavy metals 
in sewage sludge digests. 
Precision of the Ion Chromatographic Method 
Table 7 shows the results obtained in comparing the precision of 
the IC and AA methods for determination of total Cu, Mn, Ni, Pb, and 
Zn in sewage sludge digests after dithizone extraction. The results 
in Table 7 were obtained for five replicated digestions and analyses. 
The means of the total Cu values ranged from 256 to 1099 rag kg~^, 
from 249 to 1104 mg kg~^, and from 268 to 1118 mg kg~^ with coefficient 
of variation (CV) values ranging from 1.2 to 5.8%, from 1.8 to 4.8%, 
Table 7. Comparison of precision of IC and AA methods for determination of total Cu, Mn, Ni, Pb, 
and Zn in sewage sludges 
Sludge 
xo V 
Range Mean SD CV^ 
J.O \ \ j j  
Range 
koxauc 7 
Mean SD CV Range Mean SD CV 
mg kg ^— % mg kg-^— % mg kg — % 
Cu 2 423-498 460 26.8 5.8 428-490 461 22.3 4.8 433-486 459 22.6 4.9 
3 691-711 706 8.5 1.2 671-701 680 12.1 1.8 696-737 721 13.6 1.9 
5 244-272 256 10.3 4.0 235-266 249 10.1 4.1 258-277 268 7.71 2.9 
8 1064-1159 1099 35.8 3.3 1009-1185 1104 53.0 4.8 1059-1158 1118 30.9 2.8 
Mn 2 159-173 166 5.72 3.4 169-182 173 5.11 3.0 
3 416-450 437 12.5 2.9 413-460 440 15.2 3.5 
5 396-429 413 14.2 3.5 383-426 401 15.3 3.8 
8 111-129 120 6.23 5.2 107-137 125 7.86 6.3 
Ni 2 22.1-24.9 24.0 1.11 4.6 23.6-26.7 25.5 1.25 4.9 
3 20.8-22.6 21.7 0.7 3.0 20.1-23.8 21.1 1.4 6.4 
5 64.6-67.2 66.0 0.98 1.5 63.0-68.8 66.0 1.94 2.9 
8 21.0-22.9 21.9 0.81 3.7 21.4-26.4 24.6 1.51 6.2 
Pb 2 196-208 200 4.38 2.2 199-213 204 4.77 2.3 
3 110-146 123 12.4 10.1 116-140 129 7.9 6.1 
5 595-646 623 21.0 3.4 600-644 619 17.1 2.8 
8 165-194 177 11.5 6.5 155-185 167 9.1 5.5 
Zn 2 591-668 629 25.3 40 602-615 609 4.18 0.7 584-645 618 23.1 3.7 
3 245-259 253 5.1 2.0 229-252 240 9.4 3.9 231-254 238 9.4 4.0 
5 935-1088 1009 55.6 5.5 963-1075 1018 39.6 3.9 954-1088 1003 47.2 4.7 
8 945-1070 989 39.3 4.0 915-1126 1010 54.7 5.4 897-1130 985 56.0 5.7 
^Range of five replicate digestions and analyses; SD, standard deviation. 
^CV, coefficient of variation. 
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and from 1.9 to 4.9% for the IC method .using PDCA as an eluent, the IC 
method using oxalic acid as an eluent, and by the AA method, 
respectively. The means of total Mn values ranged from 120 to 437 
mg kg~^ and from 125 to 440 mg kg~^ with CV values ranging from 2.9 to 
5.2% and from 3.0 to 6.3% for the IC and AA methods, respectively. The 
means of the total Ni values ranged from 21.7 to 66.0 mg kg~^ and from 
21.1 to 66.0 mg kg~^ with CV values ranging from 1.5 to 4.6% and from 
2.9 to 6.4% for the IC and AA methods, respectively. The means of the 
total Pb values ranged from 123 to 623 mg kg~^ and from 129 to 619 
mg kg ^ with CV values ranging from 2.2 to 10.1% and from 2.3 to 6.1% 
for the IC and AA methods, respectively. Similarly, precision of the 
IC method was comparable to that of AA for determination of Zn, with 
means ranging from 253 to 1009 mg kg~^, from 240 to 1018 mg kg"\ and 
-from 238 to 1003 mg kg~^ with CV values ranging from 2.0 to 5.5%, from 
0.7 to 5.4%, and from 3.7 to 5.7% for the IC method using PDCA as an 
eluent, the IC method using oxalic acid as an eluent, and by the AA 
method, respectively. 
Table 8 shows the results obtained in comparing the precision of 
the AA method for determination of total Cu, Mn, Ni, Pb, and Zn in 
sewage sludge digests (HCIO^) before dithizone extraction. The results 
in Table 8 were obtained for five replicated digestions and analyses. 
Comparison of the CV values obtained for these metals in Tables 7 and 
8 shows that approximately the same degree of precision is obtained 
after employment of the dithizone extraction for the IC method. 
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Table 8. Precision of selected metal determinations by AA in sewage 
sludge-HClO^ digests 
Sewage Total metal^ 
Metal sludge Range Mean SD CV° 
-mg kg"^ % 
Cu 2 432-477 454 14.4 3.2 
• 3 690-722 708 12.3 1.7 
5 230-261 246 10.0 4.1 
8 1130-1215 1193 27.1 2.3 
Mn 2 159-172 167 4.6 2.8 
3 417-437 427 7.2 1.7 
5 384-417 401 10.5 2.6 
8 119-134 126 4.12 3.3 
Ni 2 22.3-25.2 24.0 1.19 5.0 
3 19.1-20.1 19.7 0.40 2.0 
5 62.7-67.2 64.8 1.68 2.6 
8 19.2-23.0 21.4 1.10 5.2 
Pb 2 194-203 198 3.19 1.6 
3 122-157 140 13.0 9.3 
5 582-644 622 22.3 3.6 
8 158-185 168 9.44 5.6 
Zn 2 575-624 595 16.9 2.9 
3 228-251 242 8.7 3.6 
5 928-1039 996 36.9 3.7 
8 954-1052 978 29.7 3.0 
^Range of five replicate digestions and analyses; SD, standard 
deviation. 
^CV, coefficient of variation. 
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The high precision of the IC method for determination of total 
metals in sewage sludges is illustrated in Table 9. The results in 
Table 9 were obtained for six replicated injections of the digest of 
the metal-dithizone extract of sewage sludge no. 8. In general, the 
CV values were all 5%, ranging from 0.4 to 3.4% for the determination 
of Cu by using PDCA as an eluent and determination of Pb by using oxalic 
acid as an eluent, respectively. 
Table 9. Precision of IC for determination of total Cu, Mn, Ni, Pb, 
and Zn in sewage sludge no. 8 
Total metal^ 
Metal Eluent Range Mean SD cv° 
-mg kg~^ % 
Cu PDCA 1085-1099 1091 4.39 0.40 
Oxalate 1061-1078 1068 5.98 0.56 
Mn PDCA 116-123 120 2.89 2.4 
Ni Oxalate 21.0-20.2 21.8 0.65 3.1 
Pb Oxalate 161-176 170 5.83 3.4 
Zn PDCA 1024-1053 1038 11.7 1.1 
Oxalate 1001-1037 1024 12.1 1.2 
^Range of six replicate injections and analyses; SD, standard 
deviation. 
^CV, coefficient of variation. 
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PART III. EFFECT OF CROPPING SYSTEMS ON ADSORPTION 
OF METALS BY SOILS 
131 
INTRODUCTION 
Soil is composed of more than 90 elements. However, only 10 of 
these occur in concentrations >0.1% in soil; the remainder in soils are 
usually referred to as trace elements. Many of these trace elements 
are metals. Although several trace metals are plant nutrients (e.g., 
Cu, Zn), these metals can be toxic to crops, animals, and man when 
present in high concentration. In contrast, other trace metals (e.g., 
Cd, Ni, Pb) do not have a nutritional requirement for crops and are 
potentially toxic to crops, animals, and man. Therefore, understanding 
of the chemical processes in soils that govern the availability and 
mobility of trace metals in soils is important for plant nutrition and 
human health concerns. 
Studies of the adsorption of metals by soils is commonly used to 
evaluate the availability and mobility of trace metals in soils. These 
studies investigate the relationship between adsorption of one metal 
(single metal adsorption) or several metals at once (competitive metal 
adsorption) and soil properties, such as soil pH, soil cation-exchange 
capacity (CEC), and organic matter. Application of sewage sludge may 
result in toxic levels of Cd, Cu, Ni, Pb, and Zn in soils. Also, soils 
receive atmospheric deposition of these five metals from smelting of 
ores and fly ash from coal combustion used to generate electrical power. 
In addition, Pb, present in several fuel oils and gasoline, is emitted 
into the atmosphere upon burning and subsequently deposited on soils. 
Therefore, these five metals (Cd, Cu, Ni, Pb, and Zn) have received much 
attention. 
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In order to compare quantitative differences in adsorption between 
soils, many metal adsorption studies are conducted by (1) equilibration 
of soil with several different concentrations of metal at constant 
temperature and expression of the results as an adsorption isotherm; 
(2) fitting the adsorption isotherm data to an adsorption model, 
possibly by using Langrauir or Freundlich equations; and (3) calculation 
of parameters of these equations and comparison of the obtained values. 
Cropping systems and management practices have profound effects 
on soil properties such as soil pH, soil CEC, and soil organic matter. 
For example, cropping systems that require different types and amounts 
of fertilizer and/or liming materials will affect the soil pH. Because 
various crops have different rooting systems and crop residues, the 
amount, distribution an'd type of organic matter may vary between 
cropping systems. Also, increased levels of soil organic matter 
associated with crop rotations that incorporate pastures have been shown 
to result in an increase in the soil CEC value. 
Although the effect of cropping systems upon soil properties should 
have profound effects on trace metal availability and mobility in soils, 
little information is available on this subject. Therefore, the objec­
tive of this work was to study the effect of long-term cropping systems 
on adsorption of metals by soils. This encompassed the study of single-
and competitive-metal adsorption of Cd, Cu, Ni, Pb, and Zn for different 
cropping systems. In addition, the effect of pH on adsorption of these 
metals in soils was investigated. 
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MATERIALS AND METHODS 
Soils 
The soils used in this work were surface samples (0-15 cm) 
collected from long-term experiments at Kanawha and Sutherland, Iowa. 
The rotation experiments were initiated in 1954 and 1957, respectively. 
The soil types, crop rotations, and fertilizer treatments of these 
long-term experiments are reported in Table 10. All soils were sampled 
after corn from experimental plots of 6 m x 12 m. The soil samples were 
collected from 0 to 15 cm depth from at least five locations in the 
plot, mixed, and stored under field conditions at 5°C. Samples were 
taken from the untreated plots (0 kg ha and plots that were treated 
with ammoniacal or urea N fertilizer. Replicate samples were obtained 
by sampling two separate experimental plots receiving the same treat­
ment (same rotation and fertilization). The samples, 12 from each 
research center, were obtained in June and July 1987. 
The field-moist samples were passed through a 6-mm screen, mixed 
thoroughly, placed in polyethylene bags, and stored at 5°C for later 
experiments. A subsample of each soil was air-dried and ground to pass 
a 2-mra sieve. In the analyses reported in Table 11, organic C was 
determined by the Mebius method (1960) on <80-mesh samples, pH was 
determined by using a glass-combination electrode (soil:solution ratio, 
1:2.5) in deionized water or 0.01 M CaClg solution. Cation-exchange 
capacity (CEC) of these samples was determined using neutral, 1 N, 
Table 10. Locations, soil types, and fertilizer treatments of the rotation experiments sampled 
Year 
Research expt. N b 
center Soil type• started Rotation^ fertilizer 
kg/ha 
Clarion-Webster Webster silty clay loam 1954 Cbntinuous corn 0 or 180 
at Kanawha Corn-soybean-corn-soybean 
Corn-oat-meadow-meadow 
0 or 180 
0 or 180 
Galva-Primghar Galva silt loam 1957 Continuous corn 0 or 200^^ 
at Sutherland Corn-soybean-corn-soybean 
Corn-oat-meadow-meadow 
0 or 200 
0 or 130 
^Samples were taken after corn. 
^Applied to corn plots only. All plots received annual application of 29 kg/ha of P (60 lb/Ac 
of PgOg) and 56 kg/ha of K (60 lb/Ac of KgO). 
^130 kg/ha prior to 1983. 








Organic C pHw® pHCa^ 
RepI RepI I RepI RepII RepI RepII 
kg ha~^ —— 
Kanawha CCCC 0 2.89 3.38 6.58 6.75 6.13 6.44 
CCCC 180 3.05 3,30 5.63 5.63 5.22 5.28 
CSCS 0 3.35 3.04 6.40 7.03 5.99 6.78 
CSCS 180 3.17 3.26 7.09 5.88 6.88 5.56 
COMM 0 3.34 3.26 6.23 6.18 5.87 5.85 
CCMl 180 3.33 3.82 7.13 5.40 6.85 5.08 
Sutherland CCCC 0 2.25 2.26 6.30 6.52 5.65 5.88 
CCCC 200 2.42 2.46 5.31 5.52 4.60 4.90 
CSCS 0 2.48 2.35 6.06 6.25 5.45 5.69 
CSCS 200 2.44 2.29 5.85 5.91 5.20 5.38 
COMM 0 2.52 2.38 6.04 6.33 5.52 5.90 
COMM 130 2.71 2.49 5.93 5.95 5.41 5.48 
®Soil pH (1:2.5, soil:water). 
^Soil pH (1:2.5, soil:0.02 M CaClg). 
^Kanawha, Webster silty clay loam; Sutherland, Galva silt loam. 
'^C = corn; S = soybean; 0 = oats; M = meadow. 
Table 11. Continued 
Exchangeable bases 
Research Crop N Ca Mg K Na 
center rotation treatment RepI RepII RepI RepII RepI RepII RepI RepII 
kg ha~^ — —cmol kg~^ soil— 
Kanawha CCCC 0 26. 6 28. 0 7.45 7.61 0.70 0.76 0.35 0. 22 
CCCC 180 27. 4 22. 9 7.30 6.83 0.83 0.76 0.48 0. 27 
CSCS 0 27. 3 27. 8 7.11 6.23 0.73 0.73 0.46 0. 18 
CSCS 180 29. 8 26. 3 6.11 7.28 0.78 0.76 0.69 0. 52 
COMM 0 28. 7 26. 1 6.91 7.00 0.81 0.65 0.48 0. 23 
COMM 180 33. 2 26. 1 6.3 6.76 0.63 0.78 0.69 0. 19 
Sutherland CCCC 0 18. 9 21. 4 6.06 6.28 1.33 0.76 0.08 0. 14 
CCCC 200 15. 5 17. 6 5.34 5.40 0.65 0.68 0.27 0. 28 
CSCS 0 19. 3 19. 8 5.77 5.93 0.78 0.60 0.12 0. 12 
CSCS 200 17. 8 17. 7 5.45 5.40 0.58 0.48 0.32 0. 25 
COMM 0 20. 2 20. 2 5.98 5.98 0.65 0.65 0.15 0. 15 
COMM 130 18. 0 18. 0 5.47 5.47 0.63 0.63 0.32 0. 32 
Table 11. Continued 
Crop N Base 
Research rota- treat- CEC saturation Sand Silt Clay 
center tion ment RepI RepII' RepI RepII RepI RepII RepI RepII RepI RepII 
Kanawha 
Sutherland 
kg ha ^ craol kg ^ soil 
CCCC 0 40.6 42.2 86.5 86.7 2.4 3.1 62.0 60.6 35.6 36.3 
CCCC 180 42.5 37.3 84.7 82.3 2.2 3.2 61.4 62.6 36.2 34.6 
CSCS 0 41.0 37.6 86.8 92.9 2.2 2.7 62.0 60.5 35.8 36.8 
CSCS 180 39.4 40.8 94.9 85.5 2.7 3.2 60.4 62.2 36.9 34.6 
COMM 0 40.9 39.6 90.4 85.9 2.5 3.0 61.5 61.9 36.0 35.1 
COMM 180 39.4 42.1 103.6 80.3 2.5 3.2 60.6 61.7 36.9 35.1 
CCCC 0 31.2 33.7 84.6 84.8 20.7 19.0 46.5 46.7 32.0 34.3 
CCCC 200 32.5 33.0 67.1 72.7 19.4 26.5 46.2 42.2 34.4 31.3 
CSCS 0 31.2 32.4 83.2 81.7 19.7 25.4 48.6 43.1 31.7 31.5 
CSCS 200 34.4 31.6 70.2 75.5 28.5 19.9 41.3 45.4 30.2 34.7 
COMM 0 34.3 32.7 78.9 83.4 25.2 26.2 43.8 42.7 31.0 31.1 
COMM 130 33.7 34.5 72.5 77.0 27.9 19.5 41.6 47.7 30.5 32.8 
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ammonium acetate (NH^OAc) as described by Chapman (1965), and exchange­
able bases by measuring the amount of Ca, Mg, Na, and K extracted by 
the 1 £ NH^OAc by flame atomic absorption spectrophotometry (AA) as 
described by Thomas (1982). The particle-size distribution was deter­
mined by a modification of the pipette method of Kilmer and Alexander 
(1949) described by Walters et al. (1978). 
Metal Adsorption by Soil 
Single-metal adsorption isotherms 
Adsorption isotherms were obtained by shaking 1 g of soil with 
25 mL of solution containing a range of metal perchlorate concentrations 
in a background of 10 nM Ca(C10^)2 for 24 h and determination of metal 
remaining in solution by flame AA. Ten metal perchlorate concentrations 
were used ranging from 200 to 2000 pM in 200 pM increments for Cd, Cu, 
Ni, and Zn or 500 to 5000 liM in 500 yM increments for Pb adsorption 
isotherms. The perchlorate salts used were reagent-grade quality 
obtained from Pfaltz and Bauer, Inc. (Waterbury, CN). However, because 
the extent of hydration was variable, it was necessary to determine the 
exact extent of hydration of these salts before preparation of stock 
solutions of these metals. The extent of hydration ranged from 112 to 
130% greater than those indicated by the supplier on the labels of these 
metal salts. 
Equilibration of soil samples with metal solutions was accomplished 
by placing 1 g of soil and 25 mL of solution into a centrifuge tube, 
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stoppering, and shaking for 24 h at 25±1°C in an incubator shaker (New 
Brunswick Scientific Co., Inc., New Brunswick, NJ). Samples were then 
centrifuged at 12,000 x ^  for 10 min followed by filtration of the 
supernatant through a 0.45-iim Metricel GA-8 membrane filter (Fisher 
Scientific Co., Pittsburgh, PA) to remove any particulate materials. 
The amount of dissolved metal was subsequently determined by AA. All 
metals were determined by using a Perkin Elmer Model 5000 AA with an 
acetylene-air flame. Background correction by using a deuterium lamp 
continuum source was employed for determination of all metals. The 
concentration of Cu, Cd, Ni, Pb, and Zn was determined from calibration 
curves obtained with standard solutions prepared from Fisher certified 
AA metal standards. All data were fit to the Langmuir equation and 
regression analysis was used to find the best-fitting straight line. 
Langmuir equation parameters were calculated, i.e., adsorption maxima 
and bonding energy coefficients, from the slope and intercept values 
of the regression lines. 
Competitive adsorption isotherms 
Competitive adsorption isotherms were generated for two soils, 
Galva silt loam with continuous corn rotation, 0 kg N ha~^, replicate 
no. 1, and Webster silty clay loam with continuous corn rotation, 
180 kg N ha~^, replicate no. 2. Competitive adsorption of these metals 
by soils as a function of pH was studied by equilibrating 1 g of soil 
with 25 mL of solution containing 200, 1000, or 2000 )iM each of Cd, Cu, 
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Ni, Pb, and Zn perchlorate in 10 nM Ca(G10^)2. pH adjustment was done 
by using NaOH or HCIO^ solutions before shaking for 24 h. The initial 
pH of the soil-metal solutions ranged from 4 to 8 in approximately 0.5 
pH unit intervals. Equilibration and determination of metals remaining 
in solution were performed as described for single-metal adsorption 
isotherms. In addition, the equilibrium solution pH was determined 
after centrifugation by using a combination glass electrode and an Orion 
Model 801 pH meter. Results obtained from competitive adsorption 
studies were compared with those obtained from single-metal adsorption 
isotherms. 
Effect of equilibrium solution pH 
Two studies were conducted to evaluate the effect of equilibrium 
solution pH on metal adsorption. In the first study, metal adsorption 
vs. pH plots were generated for two soils, Galva silt loam with 
continuous corn rotation, 0 kg N ha~^, replicate no. 1, and Webster 
silty clay loam with continuous corn rotation, 180 kg N ha"^, replicate 
no. 2. Separate plots for each metal were constructed by shaking 1 g 
of soil with 25 mL of solution containing 0, 200, 1000, or 2000 Cd, 
Cu, Ni, or Zn in 10 tiM Ca(C10^)2. Metal adsorption vs. pH plots for 
Pb were generated similarly; however, concentrations of 0, 500, 2500, 
or 5000 viM Pb in 10 Ca(C10^)2 were used. Equilibration and metal 
determination were similar to those previously described for single-
metal adsorption isotherms, except that the equilibrium solution pH was 
measured after centrifugation of the sample. 
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In the second study, a similar experiment using the same soils, 
metals, and metal concentrations were used, except that the equilibrium 
solution pH was adjusted with NaOH or HCIO^ solutions before shaking 
for 24 h. Eleven pH values for each soil-metal-concentration sample 
were prepared by placing 1 g of soil and 25 mL of solution containing 
one of the five metals in a centrifuge tube. Four metal concentrations 
were used as described previously in this section. Appropriate amounts 
of HCIO^ or NaOH were added. These amounts were previously determined 
by titration of soil-metal perchlorate solutions of each soil, metal, 
and metal concentration. In order to minimize dilution errors from 
addition of titrant during pH adjustment, <1.5 mL of titrant was added 
by using solutions of either 0.1 M or 1 M HCIO^ or NaOH. Also, the soil 
solutions were mixed vigorously by using a vortex stirrer during pH 
adjustment to prevent localized high concentrations of base or acid that 
may result in metal precipitation. After pH adjustment, the samples 
were shaken at 25±1°C in an incubator-shaker for 24 h. Subsequently, 
the samples were centrifuged and the exact equilibrium solution pH 
values were determined. The solutions were then filtered, and metal 
concentrations were determined by AA as previously described. Metal 
adsorption vs. pH plots were constructed for each metal and soil. 
Results obtained by pH adjustment were compared with those obtained 
without pH adjustment of the equilibrium solution. 
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RESULTS AND DISCUSSION 
Single-Metal Adsorption Isotherms 
Metal adsorption isotherms were studied for Webster silty clay loam 
soils of the Clarion-Webster Research Center (CWRC) and for Galva silt 
loam soils of the Galva-Primghar Research Center (GPRC). The adsorption 
of five metals (Cd, Cu, Ni, Pb, and Zn) were studied for 24 soils, 12 
from each long-term rotation research site. The 12 soils consisted of 
three rotations with N treatments and control plots. Replicate samples 
were obtained by sampling two separate experimental plots for each 
treatment. 
Results obtained by averaging metal adsorption by soils of the two 
replicated plots sampled from the CWRC site are shown in Figure 13. 
Soils under continuous corn rotations (CCCC) and N treatment showed 
lower metal adsorption than the continuous corn without N treatment and 
the other rotations with and without N treatments. Furthermore, metal 
adsorption by soils of the continuous corn without N treatment and other 
rotations with and without N treatments were approximately equal. 
Similar results were obtained for the soils from the GPRC site (Figure 
14). 
Figure 15 shows metal adsorption results for all CWRC soils includ­
ing those from replicate plots. Results of soils obtained from repli­
cated control (0 kg N ha~^) plots were similar, but those of soils 
obtained from the two replicated CSCS and COMM crop rotations with N 
treatment were not in agreement. Specifically, metal adsorption by 
200 400 600 BOO 



















100 200 300 400 500 
Cu equilibrium concentration (/iM) 
600 
w 
200 400 600 800 
Ni equilibrium concentration OiM) 
1000 
OCCCC, 0 N 
Acscs, 0 N 
• COMM., 0 N 
• CCCC, + N 
ACSCS, + N 
















20# i Pb 
200 400 600 800 1000 1200 







—I 1 I I 1 I 
200 400 600 800 1000 1200 
Zn equilibrium concentration (/uM) 
1400 
Figure 13. Single-raetal adsorption isotherms for soils obtained from the CWRC site (averages of 
the two replicated plots sampled) 

% 






200 400 BOO 800 1000 1200 1400 1600 
Cd equilibrium concentration (/iiM) 
200 400 600 800 1000 








0 200 400 600 800 1000 1200 1400 1600 
Ni equilibrium concentration (/xM) 
% 
^ 




i O 0 N • CCCC, +N 
A cscs, 0 N • cscs. +N 








500 1000 1500 2000 2500 




3000 200 400 600 800 1000 1200 1400 1600 
Zn equilibrium concentration (jM) 
Figure 14. Single-metal adsorption isotherms for soils obtained from the GPRC site (averages of 
the two replicated plots sampled) 

A 
200 400 600 800 1000 1200 1400 
Cd equilibrium concentration (fiM) 
e 45 
200 400 600 800 1000 1200 
Cu equilibrium concentration (p,U) 
6 JD 
ISO 
200 400 600 800 1000 1200 1400 





















, o Cd q, 
% 
200 400 600 800 1000 1200 
Cd equilibrium concentration (/uM) 
1400 
4^ Ui 
200 400 600 800 1000 




200 400 600 BOO 1000 1200 1400 













200 400 600 800 1000 1200 
Pb equilibrium concentration (f<M) 
1400 
200 400 600 800 1000 1200 1400 1600 















ZOO 400 600 800 1000 1200 1400 











• 1 1 1 J 
200 400 600 800 1000 1200 1400 1600 
Zn equilibrium concentration (uM) 
Figure 15. Single-metal adsorption isotherms for soils obtained from the CWRC site (results of the 
soils from each replicated plot). Column A = soils from control plots (no N treatment), 
and column B = soils from plots receiving N treatment. The symbols; Q = CCCC, rep 1; 
0 = CCCC, rep 2; A = CSCS, rep 1; A = CSCS, rep 2; • = COMM. rep 1; • = COMM, rep 2 

146 
soils from replicate 1 of both CSCS and COMM were greater than by soils 
from replicate 2 of the corresponding rotation. However, metal 
adsorption by soils from the replicated plots from the GPRC site were 
in good agreement (Figure 16). Therefore, results in this work are 
presented for all 12 soils without averaging the replicated plots. 
Results re-expressed as shown in Figure 17 show that soils from 
both CWRC and GPRC sites receiving N fertilizer adsorbed less metal than 
the soils of the control plots under CCCC rotation. Although no con­
sistent trend was found for metal adsorption by soils with respect to 
N fertilization for the CIVRC site under CSCS rotation (Figure 18), metal 
adsorption by soils was equal for all soils from the GPRC site under 
CSCS rotation. Also, no consistent trend was found for metal adsorption 
with respect to N fertilization for the CWRC soils under COMM rotation 
(Figure 19). Depending on the replicate treatment under COMM rotation 
sampled from the GPRC site, metal adsorption by soil receiving N were 
either equal or greater than the amount of metal adsorbed by soils of 
the control plots. However, the amount of metal adsorbed by soils from 
the GPRC site under COMM rotation was equal. 
Some of the observed differences in metal adsorption by soils 
obtained from the replicated plots could be due to variation in soil 
properties. In an attempt to explain the effect of rotation and N 
fertilization on properties of soils of the same site, statistical 
analysis (ANOVA) was performed on the soil properties described in Table 
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11 and results of this analysis are shown in Tables 12 and 13. In 
general, crop rotation and N fertilization had no significant effect 
on the properties of the soils from the CWRC site (Table 12). However, 
crop rotation and N fertilization had significant effects on properties 
of the soils at the GPRC site (Table 13). Crop rotation had a 
significant effect on organic C content and soil pH (0.01 M CaClg), 
whereas N fertilization significantly affected (2 <0.01) soil pH, 
exchangeable base saturation, and several exchangeable bases of these 
soils. Further investigation of the rotation effects (Table 13, 
contrasts 1 and 2) showed that the effects of crop rotation on organic 
C content and soil pH (0.01 M CaClg) were different among the rotations. 
Briceno-Salazar (1988) studied the effect of redox potential and 
soil management practices on enzyme activities of the same soils used 
in this work. He found that the effects of rotation and N fertiliza­
tion on enzyme activity were significant. Different crop rotations 
require different management systems and produce various types and 
amounts of crop residues. Furthermore, the decomposition rate of these 
residues is dependent upon the nutrient status and microbiological 
activity of the soil. Also, the amount of N fertilizer applied depended 
on the crop rotation. Nitrogen fertilizer was applied for corn crops 
only in the rotation; soybean, oats, or meadow did not receive any N 
fertilizer. Therefore, the amount of N fertilizer applied by rotation 
was CCCC>CSCS>COMM. Nitrification of ammoniacal-N fertilizer resulted 
in significant amounts of acidity and a decrease in soil pH. The change 
in soil pH has significant effect on metal adsorption by soils. 
Table 12. Analysis of variance of the effects of crop rotations and N treatment on properties of 
the soils obtained from the CWRC site 
F values^ 
Source of , , Exchangeable base 
variation df" OrgCC pHw° pHCa® Sand Silt Clay Ca Mg K Na CEC BS 
Block 1 1.42 0.98 0.64 65.0 0.22 2.13 4.14 0.09 0.06 23.11 0.30 1.81 
Rot^ 2 1.79 0.56 0.62 0.56 0.14 0.14 1.10 1.79 0.22 2.05 0.21 0.65 
1 0.73 1.18 0.80 5.17 0.01 0.15 0.02 0.96 0.21 8.75 0.00 0.01 
Rot X N 2 0.39 0.79 0.71 4.15 0.40 0.36 0.98 0.29 0.45 1.52 0.32 0.23 
Contrasts^ 
CI 1 1.45 0.48 0.62 0.09 0.24 0.14 1.99 3.55 0.25 3.12 0.16 1.30 
C2 1 2.12 0.65 0.61 1.03 0.05 0.13 0.21 0.03 0.19 0.99 0.26 0.00 
C3 1 0.73 1.18 0.80 5.17 0.01 0.15 0.02 0.96 0.21 8.25 0.00 0.01 
C4 1 0.15 1.47 1.36 4.19 0.61 0.18 1.65 0.19 0.42 0.70 0.63 0.35 
C5 1 0.64 0.10 0.07 4.10 0.18 0.53 0.30 0.38 0.49 2.34 0.01 0.12 
^F values > 6.61 or 16.26 are significant at 0.05 and 0.01 probability levels for variation 
sources having 1 df, respectively. F values > 5.79 or 13.27 are signiicant at 0.05 and 0.01 proba­
bility levels for variation sources having 2 df, respectively. 
Degrees of freedom. 
^Organic C content. 
^Soil pH (1:2.5, soil:water). 
®Soil pH (1:2.5, soil:0.01 M CaCl„). 
f 
Percent base saturation. 
®Crop rotation. 
^Nitrogen fertilization. 
^Contrasts: CI. CCCC vs. others; C2, CSCS vs. COMM: C3, +N vs. ON: C4, CI x C3; C5. C2 x C3. 
Table 13. Analysis of variance of effects of crop rotations and N 
treatment on properties of soils obtained from the GPRC site 
Source of U J 
variation df^ OrgC^ pHw* pHCa® Sand Silt Clay 
Blcok 1 • 5.68 15.31 29.41 0.09 0.00 0.84 
Rot® 2 6.73 4.44 18.41 0.49 0.21 0.79 
1 5.30 143.40 146.07 0.11 0.40 0.13 
Rot X N 2 3.15 33.8 33.1 0.30 0.49 0.11 
Contrasts^ 
CI 1 6.32 8.13 29.1 0.82 0.33 1.32 
C2 1 7.14 0.76 7.84 0.15 0.08 0.26 
C3 1 5.30 143.40 146.07 0.11 0.40 0.13 
C4 1 2.38 67.5 66.2 0.31 0.22 0.20 
C5 1 3.92 0.08 0.02 0.29 0.75 0.01 
values > 6.61 or 16.26 are significant at 0.05 and 0.01 proba­
bility levels for variation sources having 1 df, respectively. F values 
> 5.79 or 13.27 are significant at 0.05 and 0.01 probability levels for 
variation sources having 2 df, respectively. 
^Degrees of freedom. 
^Organic C content. 
^^Soil pH (1:2.5, soil;water). 
®Soil pH (1:2.5, soil:0.01 M CaCl„). 
f 
Percent base saturation. 
®Crop rotation. 
^Nitrogen fertilization. 
^Contrasts: CI, CCCC vs. others; C2, CSCS vs. COMM; C3, +N vs. 




























































Effect of equilibrium solution pH 
Many studies have shown a strong relationship between soil solution 
pH and metal adsorption (Elliott et al., 1986; Kinniburgh and Jackson, 
1981). A very consistent trend was found between metal adsorption and 
the equilibrium soil solution pH. In general, metal adsorption 
increased with soil solution pH. Several equilibrium solution pH 
studies were initiated to further investigate this trend. In these 
studies, the equilibrium solution pH was measured as a function of 
initial metal concentration (amount of metal added) for all metals and 
soils studied. The results obtained for the soils from the CWRC site 
are shown in Figure 20 and for the soils from the GPRC site in Figure 
21. A decrease in solution pH with increasing initial metal concentra­
tion was observed for all soils and metals. Comparison of the results 
in Figure 20 with metal adsorption isotherms of Figure 15 shows a strong 
relationship between equilibrium solution pH and metal adsorption. 
Large amounts of adsorbed metal were associated with high equilibrium 
solution pH values. Furthermore, the metal adsorption isotherm trends 
as affected by crop rotation and N fertilization exactly paralleled 
equilibrium solution pH vs. initial metal concentration trends. For 
example, the metal adsorption isotherms of soils from the CWRC site 
receiving N fertilizer (Figure 15) showed the following trend with 
respect to metal adsorption: 
CSCS(rep l)=C0MM(rep l)>CCCC(reps l,2)=CSCS(rep 2)=C0MM(rep 2). 
The trend in equilibrium solution pH of these soils vs. initial metal 
concentration (Figure 20) followed the sequence; 
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Figure 20. Effect of the initial metal concentration on the equilibrium solution pH for the soils 
obtained from the CWRC site (results of the soils from each replicated plot). Column 
A = soils from control plots (no N treatment) and column B = soils from plots receiving 
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Figure 21. Effect of the initial metal concentration on the equilibrium solution pH for the soils 
obtained from the GPRC site (results of the soils from each replicated plot). Column 
A = soils from control plots (no N treatment) and column B = soils from plots receiving 
N treatment. The symbols; 0= CCCC, rep 1; CCCC, rep 2; CSCS, rep 1; ^  = 
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CSCS(rep l)=COMM(rep l)>CCCC(reps l,2)=CSCS(rep 2)=C0MM(rep 2). 
Also, metal adsorption isotherm trends found for the effect of crop 
rotation and N fertilization for the soils from the GPRC site (Figure 
16) exactly match the equilibrium solution pH trends for these soils 
(Figure 21). 
Although the majority of studies show that heavy metal adsorption 
by soils is strongly pH-dependent, the mechanisms proposed to explain 
this phenomena are different. The commonly referred to metal adsorption 
mechanism models include (1) metal hydrolysis model and (2) ion-exchange 
model. Hodgson et al. (1964) introduced the hydrolysis model to 
describe pH-dependent metal adsorption. In this model, metal adsorption 
occurs in the following two steps: 
(1) MOH+ + 
(2) MOH+ + X~ ç=i XMOH . 
In the first step, metal ions undergo hydrolysis and release protons. 
Subsequently, the hydrolyzed metal is adsorbed onto the soil surface 
(X). Metal adsorption is favored by high pH through the formation of 
MOH^ hydrolysis products. 
Other metal adsorption studies (Bittell and Miller, 1974; Bunzyl 
et al., 1976; Tiller et al., 1984; Tyler and McBride, 1982) have 
explained pH-dependent metal adsorption by an ion-exchange model. 
Competition of protons with metal ions for cation exchange sites is used 
to explain metal adsorption. Decreased competition of H"*" with metal 
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ions at high pH values is responsible for larger amounts of metal 
adsorption as compared with metal adsorption at low pH levels. 
By replotting the equilibrium solution pH data obtained for crop 
rotation, I obtained Figures 22, 23, and 24. Comparison between these 
figures and analogous metal adsorption isotherms (Figures 17, 18, and 
19) offers insight into the effect of N fertilization. Application of 
ammoniacal N fertilizer resulted in lower soil pH values as compared 
with those of the soils from the control plots (Figure 22). Also, the 
metal adsorption isotherm trends for CCCC rotations (Figure 17) are in 
exact agreement with the equilibrium solution pH trends shown in Figure 
22. Therefore, one can conclude that the effect of N fertilization on 
metal adsorption is a direct consequence of the effect of N fertiliza­
tion on soil pH for soils from the CCCC rotation plots. However, the 
effect of N fertilization on soil pH is not as clearcut for soils of 
the CSCS rotation plots as shown in Figure 23. Although one soil that 
received N fertilizer was associated with lower soil and solution pH 
(Figure 23, rep 2), the other corresponding soil receiving N fertilizer 
(rep 1) had higher soil and solution pH as compared with those of the 
control plots (that did not receive N fertilizer). Even though it 
appears that there is no consistent trend in the relationship between 
N fertilization and soil pH of the CSCS rotation, the metal adsorption 
isotherm trends (Figure 18) and equilibrium solution pH trends (Figure 
23) were in exact agreement. Therefore, one can conclude that the 
differences in the observed metal adsorption by soils from the CSCS 
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Figure 22. Comparison of the effect of the initial metal concentration on the equilibrium solution 
pH for soils from the continuous corn rotation plots sampled at the CWRC and GPRC sites. 
Column A = soils from the CWRC site and Column B = soils from the GPRC site. The 
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Figure 23. Comparison of the effect of the initial metal concentration on the equilibrium solution 
pH for soils from the corn-soybean rotation plots sampled at the CWRC and GPRC sites. 
Column A = soils from the CWRC site and Column B = soils from the GPRC site. The 
symbols: Q = control, rep 1; # = +N, rep 1; A = control, rep 2; ^  = +N, rep 2 
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Figure 24. Comparison of the effect of the initial metal concentration on the equilibrium solution 
pH for soils from the corn-oats-meadow-meadow rotation plots sampled at the ŒRC and 
GPRC sites. Column A = soils from the CWRC site and Column B = soils from the GPRC site. 
The symbols: Q = control, rep 1; 0= +N, rep 1; control, rep 2; ^  = +N, rep 2 
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rotation are a direct consequence of the differences in soil pH. 
Similar conclusions can be reached for the soils under the COMM 
rotations (Figures 19 and 24). 
Because ammoniacal N fertilizer should have resulted in lower soil 
pH values as compared with those of the control plots, it is most likely 
that a management error or normal soil heterogeneity resulted in the 
differences in pH values of two replicate plots sampled under CSCS and 
COMM rotations (see Figures 23 and 24). 
To further investigate the equilibrium solution pH discussed in 
the previous section, one representative soil from the CWRC site (a soil 
sample obtained from a continuous corn rotation plot treated with N) 
and one from the GPRC site (a soil sample obtained from a continuous 
corn rotation plot not treated with N) were selected for an additional 
study. In this study, the solution pH was adjusted with dilute NaOH 
or HCIO^ solutions; and the metal adsorption and equilibrium solution 
pH were determined for three different initial metal concentrations. 
Results from this study are shown in Figure 25 for the CWRC soil and 
in Figure 26 for the GPRC soil (open symbols). As part of this study, 
equilibrium solution pH and metal adsorption were determined for all 
12 soils of each research site at three initial metal concentrations. 
These results are shown as closed symbols in Figures 25 and 26; each 
point represents a different soil within a research site. These results 
were superimposed upon the adjusted pH metal adsorption curves (open 
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Figure 25. Effect of equilibrium solution pH on single-metal adsorption by a soil sample obtained 
from a continuous corn rotation plot treated with N (rep 1) at the CWRC site (open 
symbols). Metal adsorption by all other soil samples from the CWRC site are represented 
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Figure 26. Effect of equilibrium solution pH on single-metal adsorption by a soil sample obtained 
from a continuous corn rotation plot not treated with N (rep 1) at the GPRC site (open 
symbols). Metal adsorption by all other soil samples from the GPRC site are represented 
by the closed symbols 
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pH curves (open symbols) was dependent upon the metal studied and the 
initial metal concentration. The goodness of fit for all metal 
adsorption by soils from both sites indicated that metal adsorption by 
soils under different crop rotations and N fertilization can be 
described mainly by equilibrium solution pH. In other words, the 
differences observed in metal absorption by soils under different crop 
rotations and N fertilization for each research site (CWRC and GPRC) 
can be attributed to soil solution pH. 
Results in Figures 25 and 26 show a gradual increase in metal 
adsorption by soils at lower equilibrium solution pH levels followed 
by a rapid increase in metal adsorption at high equilibrium solution 
pH levels. Both the initial gradual increase and the rapid increase 
in metal adsorption were increased with increasing initial metal 
concentration. The general shape of these metal adsorption vs. 
equilibrium solution pH curves may be used to explain these differences 
in mechanism of metal adsorption by soils. Tiller et al. (1984) studied 
the adsorption of Cd, Ni, and Zn by soil clay fractions separated from 
13 soils. They found that soils with adsorption surfaces dominated by 
Fe oxide exhibited sigmoidal metal adsorption vs. equilibrium solution 
pH curves. This type of curve is characterized by very low metal 
adsorption onto Fe oxide surfaces at low pH and an abrupt increase with 
increasing pH and is related to the metal hydrolysis model discussed 
earlier (Forbes et al., 1976). However, Tiller et al. (1984) also found 
that soils containing predominantly 2:1 layer silicate clays showed a 
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lower sensitivity for metal adsorption to solution pH; a lack of any 
sigmoidal-shape curve and higher affinities for Zn, Cd, and Ni at lower 
equilibrium solution pH values as compared with those of the Fe oxide 
group. 
The clay fraction of the Webster and Galva soils used in this study 
is composed of predominantly 2:1 layer silicate clays, namely smectite 
and illite (Foth and Riecken, 1954; USDA, n.d.). The initial part of 
the curves shown in Figures 25 and 26 show that the gradual increase 
of metal adsorption with increasing equilibrium solution pH is similar 
to those results described by Tiller et al. (1984) for soils with clay 
fraction dominated by 2:1 layer silicate clays. However, the sharp 
increase of metal adsorption with increasing equilibrium solution pH 
shown in Figures 25 and 26 is not characteristic of the results reported 
by Tiller et al. (1984). The results obtained in this study may be a 
characteristic of metal precipitation from solution instead of metal 
adsorption by soils. 
Metal precipitation is distinguished from metal adsorption in that 
(1) precipitation implies a three-dimensional structure, whereas adsorp­
tion onto a solid surface is a two-dimensional phenomena; and (2) metal 
precipitates are much more defined chemical entities with much more 
descriptive properties such as solubility products compared to adsorbed 
metals (Barrow, 1987; Sposito, 1989). However, it is extremely diffi­
cult to make a distinction between metal adsorption and metal precipi­
tation from experimental data. For example, the Langmuir equation 
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cannot be used to statistically determine whether adsorption or 
precipitation is occurring in soils (Veith and Sposito, 1977). 
Precipitation-dissolution processes depend on solubility of 
specific compounds with defined solubility products. Therefore, by use 
of thermodynamic data, solubility isotherms can be calculated for these 
assumed compounds. Much of the solubility data of importance in soils 
has been summarized by Lindsay (1979). The equilibrium metal solution 
concentration and soil pH data are compared to the solubility diagram 
to determine if precipitation has occurred. However, one of the limita­
tions of the use of the solubility diagram is that soil solids may have 
an indefinite or variable composition for which thermodynamic data does 
not exist. Because of these limitations, Brummer et al. (1983) has 
described criteria to discriminate between adsorption-desorption or 
precipitation-dissolution reactions in soils by using solubility 
diagrams. They found that evidence for metal precipitation required 
the presence of a sharp upward inflection in the plot of metal adsorp­
tion vs. equilibrium solution pH. In addition, the metal equilibrium 
solution concentration should be the same for different initial amounts 
of metal added. 
The metal adsorption pH data of Figures 25 and 26 were superimposed 
onto generated solubility diagrams (Figures 27 and 28). Probable solid 
phases of Cd, Cu, Ni, Pb, and Zn in soils were determined from results 
of previous studies (Harter, 1983; Kalbasi et al., 1978; Pratt et al., 
1964; Santillan-Medrano and Jurinak, 1975; Sommers and Lindsay, 1979; 
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Figure 27. Plots of metal solubility diagrams and results obtained from metal adsorption isotherms 
for a soil sample obtained from a continuous corn rotation plot treated with N (rep 2) 
at the CWRC site 
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Udo et al., 1970) and work summarized by Lindsay (1979). Solubility 
data of these minerals are summarized in Table 14. In addition, metal 
phosphate equations were derived by assuming equilibria with strengite 
[FeCOH)^] from pH 3 to 6.34, with brushite (CaHPO^'ZHgO) from pH 6.34 
to 7.88, and with tricalcium phosphate [Cag(P0^)2] from pH 7.88 to 8.0 
(Lindsay, 1979). 
Results in Figure 27 show that metal solution concentration 
obtained for the experiments of metal adsorption by soils exceeded solu­
bility of several minerals. For example, Cd and Ni metal adsorption 
data are not described well by solubility lines of Cd and Ni minerals. 
In addition, the equilibrium metal concentrations of the 200, 1000, and 
2000 jiM initial metal concentration are not equal at a given pH value. 
Therefore, both criteria of Drummer et al. (1979) are not met and 
precipitation-dissolution reactions cannot be used to describe reaction 
of Cd and Ni in CWRC soils (i.e., adsorption-desorption processes 
describe the reaction of Cd and Ni with these soils). Results for Pb 
and Zn in Figure 27 appear to indicate that precipitation could have 
occurred for the 1000 pM and the 2000 jaM initial metal concentration 
between pH of 6.0 and 6.5 for Pb and pH of 6.5 and 7.0 for Zn. This 
is suggested by: (1) equilibrium metal solution concentrations are 
equal for different amounts of added metal, and (2) the slope and 
proximity of the lines can be approximated by mineral solubility lines. 
Either precipitation of Pb as PbCO^ or Pb(0H)2 and of Zn as ZnSiO^ or 
ZnCOg is possible. Although results for Cu adsorption isotherm data 
Table 14. Equilibrium constants of reactions used in construction solubility diagrams 
Mineral Compound or 
group mineral Equilibrium reaction log K 
Cadmium Octavite CdCOg + 2 H+ = Cd2+ + COgCg) + HgO 6.16 
Phosphate CdjCPO^)^ + 4 = 3 Cd2+ + 2 HgPO^" i.oo' 
Copper Cupric ferrite CuFegO^ + 8 H+ = Cu2+ + 2 Fe3+ + 4 HgO 10.13 
Tenorite CuO + 2 H+ = Cu^* + H^O 7.66 
Malachite CU2(0H)2C03 + 4 H+ = 2 Cu2+ + COgCg) + 3 HgO 12.99 
Phosphate CUgCPO^^g + 4 H+ = 3 Cu2+ + 2 HgPO^" + 2 HgO 0.34 
Nickel Carbonate NiCOg + 2 = Ni2+ + COgCg) + HgO 7.45' 
Phosphate Ni3(P04)2 + 4 H+ = 3 Ni2+ + 2 HgPO^- 8.74' 
Lead Cerussite PbCOg + 2 H+ = Pb2+ + COgCg) + H^O 4.65 
Hyroxide Pb(0H)2 + 2 H+ = Pb2+ + 2 H^O 8.16 
Phosphate PbgCPO*), + 4 H+ = 3 Pb^* + 2 ^ 2^0 ~ -5.26 
Anglisite PbSO^ = Pb2+ + so/' -7.79 
Zinc 
Phosphate 
Smithsonite ZnCOg + 2 H"*" = Zn^* + C02(g) + H2O 7.91 
Franklinite ZnFegO^ + 8 = Zn2+ + 2 Fe^ + 4 HgO 9.85 
Zincite ZnO + 2 = Zn^* + H2O 11.16 
Hopeite Zn3(P0^)2 4H2O + 4 = 3 Zn^* + 2 HgPO^" + 4 H2O 3.80 
Willemite ZnSiO^ + 4 H+ = 2 Zn2+ + HjSiO^ 13.15 
Brushite 
Strengite 
CaHP0^.2H20 + H+ = Ca^"*" + HgPO^ + 2 E^O 











SiOg + 2 HgO = H^SiO^ 
CaCOg + 2 H+ = Ca^"^ + COgCg) + HgO 
2+ 
soil-Ca = Ga 





*Log K values from Lindsay (1979) unless specified otherwise, 10 ^  M SO^^ and log COg = -3.52. 
Log K values from Santillan-Medrano-Jurinak (1975). 
^Log K values from Sommers and Lindsay (1979). 
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in Figures 27 and 28 show the equilibrium metal concentrations are equal 
for all three initial metal concentrations at pH values between 6.5 and 
7.5, the slopes of the metal adsorption curves are dramatically 
different than those of the mineral solubility lines. Copper adsorp­
tion at pH >6.5 was associated with Cu concentrations of 10"^ M (0.10 
ppm), which is at the detection limit of the analytical method employed 
(flame AA). Therefore, no conclusion can be drawn for Cu adsorption 
at pH >6.5. The results of the soils from the GPRC site for Cd, Cu, 
Ni, Pb, and Zn were similar to those obtained for soils from the CWRC 
site (Figure 28). 
In summary, precipitation may be used to explain adsorption 
isotherm data for Pb (pH >6-6.5) and Zn (pH >6.5) for both 1000 and 2000 
(jM initial metal concentration added and maybe Cu (pH >6.5) for all 
three initial metal concentrations. In general, metal adsorption by 
soils of the GPRC and CWRC sites (Figures 25 and 26, closed symbols) 
showed equilibrium solution pH values lower than those required for 
precipitation. Therefore, the differences in metal adsorption between 
soils under various crop rotations are likely due to metal adsorption 
and not precipitation. In addition, the sharp increase of metal 
adsorption at higher pH values (Figures 25 and 26, open symbols) can 
be described by metal adsorption processes and not precipitation 
reactions. 
Part or all of the effect of solution pH on metal adsorption by 
soils can be attributed to competition of protons with metal ions for 
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cation-exchange sites in soils. The following simplified reaction can 
describe competition of protons and metal ions for cation-exchange 
sites; 
S-H^ + S-M + « H+ , [11] 
where 
S = adsorption sites of the soil surface, 
2+ 
M = equilibrium concentration of metal ions, 
S-M = metal adsorbed by soil, and 
a = the proton coefficient. 
The equilibrium constant, K, for the reaction in equation [11] is given 
by equation [12] as follows: 
(HT _ [12, 
(s-H^) (pr+) 
The relationship between metal adsorbed and equilibrium metal concentra­
tion can be described by the metal distribution coefficient (K^) as 
defined in the following equation: 
^ _ equilibrium metal conc. in soil 
d ~ equilibrium metal conc. in solution 
= [13] ("2+) 
Substitution of the distribution coefficient (K^) of equation [13] in 
equation [12] gives the equilibrium expression: 
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K (H"*")" 
K = — 
(S-H,) 
[14] 
Rearranging equation [14] and solving for in logarithmetic form gives 
the following equation: 
With certain restrictions, a plot of log vs. pH will result in a 
linear curve with a slope equal to a. Values of a correspond to the 
number of protons exchanged per metal ion adsorbed. There are two 
restrictions for equation [15]. These are: (1) there must be a large 
excess of available exchange sites for adsorption of metal ions as 
compared with the sites already occupied by metal ions (i.e., (S-H^ 
» (S-M)), and (2) homogeneity of the type of binding sites of the soil 
surface (Anderson and Christensen, 1988; Kurbatov et al., 1951). If 
these restrictions are met, the log [(K) x (S-H^)] term is constant. 
Expression of the results of Figures 25 and 26 (closed symbols) as log 
Kj vs. equilibrium solution pH for single-metal adsorption by soils of 
the CWRC and GPRC sites is shown in Figures 29 and 30, respectively. 
The calculated slopes and correlation coefficients of the relationship 
between log and solution pH for soils in Figures 29 and 30 are 
summarized in Table 15. Results in Table 15 show that calculated log 
Kj values were significantly correlated (£ < 0.01) with solution pH for 
all metals studied. The proton coefficient (a) given by the slopes in 
Table 15 correspond to the number of protons released per metal ion 
log Kj = log[(K) X (S-H^)] + a pH . [15] 
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Figure 29. Relationship between log and equilibrium solution pH for soils from the CWRC site 
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Figure 30. Relationship between log and equilibrium solution pH for soils from the GPRC site 
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Table 15. Calculated slopes and correlation coefficients of the rela­
tionship between log K, and solution pH for soils from the 
CWRC and GPRC sites 
Calculated slope and r value of the log K, 
Research Regression " - ^ 
center parameter Cd Cu Ni Pb Zn 
Kanawha Slope 0.290 0.681 0.288 0.703 0.398 
(CWRC) 
r^ 0.6137 0.8133 0.6239 0.7808 0.7672 
nb 36 60 36 96 36 
Sutherland Slope 0.502 1.36 0.316 1.45 0.371 
(GPRC) 
r® 0.6809 0.9030 0.6302 0.9081 0.7662 
nb 36 60 36 96 36 
^Correlation coefficient; for Cd, Ni, and Zn results, r values > 
0.325 and 0.418 are significant at the 0.05 and 0.01 probability levels, 
respectively. For Cu results, r values > 0.250 and 0.325 are signifi­
cant at the 0.05 and 0.01 probability Ivels, respectively. For Pb 
results, r values > 0.205 and 0.267 are significant at the 0.05 and 0.01 
probability levels, respectively. 
^Number of samples. 
adsorbed by soil. In general, a values followed the sequence: Pb > 
Cu > Cd = Ni = Zn. 
For a simple ion-exchange reaction between protons and divalent 
metal ions, adsorption of a metal ion would result in displacement of 
two protons and result in a calculated a value of 2. However, results 
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in Table 15 show that a values obtained in this study were considerably 
< 2. Proton coefficient values (a) of 1 < a < 2 (Gadde and Laitinen, 
1974), a = 1 (Grimnie, 1968), and a = 2 (Forbes et al., 1976) for metal 
adsorption by goethite have been reported. Anderson and Christensen 
reported a values of 0.64, 0.74, 0.60, and 0.89 for Cd, Co, Ni, and Zn 
adsorption by soils, respectively. Forbes et al. (1976) suggested that 
because several simultaneous reactions occur during metal adsorption, 
simple ion-exchange reaction equations may not be adequate. 
Furthermore, reactions that consume would result in cx < 2 values. 
Kinniburgh and Jackson (1981) summarized the stoichiometry (a 
values) from several studies investigating the adsorption of metals by 
surfaces of Fe and Mn oxides, alumina, and silica. In general, these 
summarized results show that a < 2 values for adsorption of divalent 
metal ions by these surfaces were frequently reported. Kinniburgh and 
Jackson (1981) attributed these results to the occurrence of other 
simultaneous reactions involving consumption or release of protons 
during metal adsorption. For example, Farrah and Pickering (1979) 
reported that the amounts of or OH adsorbed from solution by 
kaolinite, illite, or montmorillonite clays varied with solution pH. 
Significant adsorption of occurred from solutions having low pH, 
whereas significant adsorption of OH occurred from solutions having 
high pH. Therefore, the reported a values represent a "net" release 
of H^ during adsorption of metals and do not simply reflect the protons 
displaced by adsorption of metal ions. 
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Although a significant linear relationship of log with solution 
pH was found (Figures 29 and 30, Table 15), other results showed that 
the relationship between metal adsorption and equilibrium solution pH 
was affected by the initial metal concentration for soils of the CWRC 
site (Figure 31) and for soils of the GPRC site (Figure 32). Results 
in these figures show that when soils were grouped according to the 
initial metal concentration, linear relationships existed between the 
amount of metal adsorbed and equilibrium solution pH for all metals and 
soils studied. Furthermore, the slopes of these linear curves increased 
with increasing the initial metal concentration (Table 16). 
Relationships between slopes of the amount of metal adsorbed vs. 
equilibrium solution pH and initial metal concentration were found for 
soils from the CWRC and GPRC sites (Figure 33). Linear relationships 
were found between the slopes of the Cd, Ni, and Zn adsorption vs. 
equilibrium solution pH and initial metal concentration for soils from 
CWRC and GPRC sites. Although linear relationships were found between 
the slopes of the Cu and Pb adsorption vs. equilibrium solution pH and 
initial metal concentration for soils from the GPRC site, quadratic 
relationships were found for soils from the CWRC site. 
Because a clear relationship was found to exist for metal adsorp­
tion and equilibrium solution pH (and this was affected by the initial 
metal concentration), metal adsorption by soils was grouped by initial 
metal concentration; and log vs. equilibrium solution pH plots were 
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Table 16. Calculated slopes of the linear plots of the amounts of metal 
absorbed vs. solution pH for soils from the CWRC and GPRC 
sites 
Initial 
Research metal Calculated slope for the metal specified 
center conc. Cd Cu Ni Pb Zn 
mM 
Kanawha 200 0.36 0.032 0.60 0.0069 0.58 
(CWRC) 500 0.100 0.098 
1000 2.05 0.860 2.27 0.056 3.07 
1500 2.40 0.260 




Sutherland 200 1.13 0.320 1.02 0.031 0.890 
(GPRC) 500 1.30 0.360 
1000 4.39 5.47 2.93 1.38 3.70 
1500 13.7 4.49 




^Slopes of regression lines shown in Figures 31 and 32. 
when soils were grouped by initial metal concentration, linear relation­
ships existed between log and equilibrium solution pH for all metals 
and soils studied. The proton coefficient values (a) are given by the 
calculated slopes of these linear curves and are summarized in Table 
17. Results in Table 17 show that a values vary with initial metal 
concentration. 
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Table 17. Calculated slopes (a values).from log K, vs. equilibrium 
solution pH for soils from the CWRC and GfRC sites 
Initial 
Research metal Calculated slope for the metal specified 
center conc. Cd Cu Ni Pb Zn 
m M 
Kanawha 200 0.234 0.107 0.332 0.0718 0.368 
(CWRC) 500 0.458 0.0923 
1000 0.181 0.549 0.178 0.226 0.255 
1500 0.517 0.250 




Sutherland 200 0.366 0.823 0.364 0.343 0.326 
(GPRC) 500 0.726 0.481 
1000 0.313 0.542 0.207 0.819 0.258 
1500 0.711 0.714 




^Slopes of the regression lines shown in Figures 34 and 35. 
Kinniburgh and Jackson (1981) observed that results from several 
• 2+ 
metal adsorption studies report that H /M ratios (oc values) increased 
with solution pH. Kinniburgh and Jackson (1981) concluded that this 
observation can be attributed to changes in the dominant adsorbed 
species. Therefore, the difference in a values can be attributed to 
changes in the initial metal concentration, if increasing initial metal 
concentration results in changes in the dominant adsorbed species. In 
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1 9+ 
addition, Kinniburgh and Jackson (1981)'suggested that although H /M 
ratios (a values) may change with increasing initial metal concentra­
tion, ratios should be constant for different parts of the metal 
adsorption isotherm. 
Because a values were calculated from the slopes of log vs. pH 
plots, the dependence of a values on initial metal concentration is, 
perhaps, due to differences in values for different initial metal 
concentrations. Abd-Elfattah and Wada (1981) studied the adsorption 
of Pb, Cu, Zn, Co, and Cd by soils that differed in cation-exchange 
materials. They reported that values of these heavy metals decreased 
with increasing amount of adsorbed heavy metal by soils. Garcia-
Miragaya et al. (1986) reported similar results for the adsorption of 
Cd and Zn by kaolinite and montmorillonite. They found a pronounced 
decrease of values with increasing surface loading of Cd or Zn for 
adsorption of Cd or Zn. They attributed this result (the decrease of 
Kj values with increased amounts of adsorbed metals) to the occurrence 
of several types of binding sites in the two layer silicates studied. 
In order to investigate the effect of the surface concentration 
of adsorbed metal on values and possibly on a values (Table 17), the 
relationship between a values and surface loading of adsorbed metal 
(y/CEC) for soils from the CWRC and GPRC sites is shown in Figure 36. 
The calculated regression parameters of the relationships between a 
values and the fraction of the CEC occupied by adsorbed metal (Figure 
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Figure 36. Relationship between slopes of log vs. equilibrium solu­
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the metal specified (y/CEC) 
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Table 18. Calculated regression parameters of the relationship between 
a values and the fraction of soil CEC occupied by adsorbed 
metal (y/CEC) for soils from the CWRC and GPRC sites 
Calculated regression parameters for a values 
Research Regression. -














X^ 0 ND 0 -1.61 0 














X^ 0 0 0 -8.05 0 
r 0.9993 0.7568 0.9378 0.8781 0.9768 
^Parameters of the regression lines shown in Figure 36. 
= y Intercept, X and values are coefficients of the 
regression equation having the form: Y = X^ + X + and r values 
are the correlation coefficient corresponding to these regression 
equations. 
^ND = Not determined. 
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the a values and the fraction of the CEG occupied by adsorbed Cd, Ni, 
and Zn for soils from CWRC and GPRC sites. Although the relationship 
between the a values and Cu/CEC was linear for Cu for the soils from 
the GPRC site, the relationship between the a values and Cu/CEC was not 
linear for the soils from the CWRC site. Quadratic relationships were 
found between the a values and Pb/CEC for soils from CWRC and GPRC 
sites. The ratios (a values) were found to decrease with 
increasing surface coverage for adsorbed Cd, Cu, Ni, and Zn by soils 
from the GPRC site and for adsorbed Cd, Ni, and Zn by soils from the 
I 2+ 
CWRC site. However, the H /M ratios (a values) were found to decrease 
with increasing surface coverage for adsorbed Cd, Cu, Ni, and Zn by 
soils from the GPRC site and for adsorbed Cd, Ni, and Zn by soils from 
the CWRC site. However, the H^/M^"*" ratios were found to increase with 
increasing surface coverage for adsorbed Cu and Pb for soils from the 
CWRC site and were found to increase and then decrease with increasing 
surface coverage for soils from the GPRC site. These results suggest 
behavior of the adsorption of Cd, Cu, Ni, and Zn by soils from the GPRC 
site were similar and the behavior of adsorption of Cd, Ni, and Zn by 
soils from the CWRC site were similar. In addition, adsorption behavior 
of Cd, Ni, and Zn by soils from both sites were similar and this 
behavior was different than that observed for Pb adsorption by these 
soils. 
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Application of Langmuir equation to single-metal adsorption isotherms 
Metal adsorption by soils was found to follow an affinity sequence 
of Pb > Cu > Ni 2 Cd = Zn for soil samples from both CWRC and GPRC sites 
(Figures 15 and 16). In an attempt to quantify and further analyze 
these differences, the results of metal adsorption by soils from the 
CWRC and GPRC sites were tested to examine whether or not they conformed 
to the Langmuir equation. 
As developed by Langmuir (1918), the linear form of the Langmuir 
equation for adsorption of gases on solid surfaces is given by: 
P/n = 1/kb + P/b 
where 
P = the equilibrium gas pressure, 
n = the amount of gas adsorbed per unit area, 
b = adsorption maximum, and 
k = an affinity constant. 
This equation can be modified to describe metal adsorption by soil 
surfaces in aqueous systems. This Langmuir equation is given by; 
C/X = 1/kb + C/b 
where 
C = metal equilibrium concentration (M), 
X = amount of metal adsorbed by soil (mol kg ^), 
k = bonding energy coefficient (L mol~^), and 
b = adsorption maxima (mol kg ^). 
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This equation is commonly referred to as the simple, linear Langmuir 
equation. Replotting the metal adsorption data obtained in this study 
in accordance with the Langmuir equation produced linear graphs with 
correction coefficients close to 1.0 for all metals and soils from both 
sites (Figures 37-46). Langmuir adsorption parameters k and b were 
calculated from these graphs and are listed in Tables 19 and 20. High 
affinity of Pb adsorption by soils from both CWRC and GPRC sites is 
reflected by the large Pb adsorption maxima values shown in Table 19. 
Much lower adsorption maxima values were obtained for the remaining four 
metals. In addition, adsorption maxima values obtained for soils from 
the CWRC site were greater than those obtained for soils from the GPRC 
site for all the metals studied. The relative strength at which metal 
is adsorbed by soil is indicated by the calculated bonding energy 
coefficients (BEC) values shown in Table 20. The BEC values have been 
commonly used to explain metal adsorption at different adsorption sites. 
Soils having different BEC values for the same metal would indicate 
metal adsorption at different adsorption sites. 
Although this approach has been commonly used to analyze the 
differences in adsorption mechanisms between soils, BEC values from 
simple Langmuir equations are not valid (Barter and Baker, 1977). In 
the simple equation developed by Langmuir (1918), one gas is adsorbed 
without the desorption of another gas. However, when metals are 
adsorbed by soil from solution, a second metal is usually desorbed into 
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Figure 37. Langmuir isotherms for Cd adsorption by soils from the rotation plots from the CWRC 
site. Control plots (A, rep 1; B, rep 2) and N treatment plots (C, rep 1; D, rep 2), 
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Figure 38. Langmuir isotherms for Cd adsorption by soils from the rotation plots from the GPRC 
site. Control plots (A, rep 1; B, rep 2) and N treatment plots (C, rep 1; D, rep 2), 
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Figure 39. Langmuir isotherms for Cu adsorption by soils from the rotation plots from the CWRC 
site. Control plots (A, rep 1; B, rep 2) and N treatment plots (C, rep 1; D, rep 2), 
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Figure 40. Langrauir isotherms for Cu adsorption by soils from the rotation plots from the GPRC 
site. Control plots (A, rep 1; B, rep 2) and N treatment plots (C, rep 1; D, rep 2), 
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Figure 41. Langmuir isotherms for Ni adsorption by soils from the rotation plots from the CWRC 
site. Control plots (A, rep 1; B, rep 2) and N treatment plots (C, rep 1; D, rep 2), 
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Figure 42. Langmuir isotherms for Ni adsorption by soils from the rotation plots from the GPRC 
site. Control plots (A, rep 1; B, rep 2) and N treatment plots (C, rep 1; D, rep 2), 












ACSCS — A 
• COMM 
o C/X - 3.44 + 0.0978 C r«0.9987 
A C/X - 3.60 + 0.0886 C r«0.9989 
• C/X « 5.43 + 0.0949 C 
f. 




3.81 + 0.0935 C 
4.35 + 0.0907 C 











O C/X - 9.48 + 0.0963 C r-0.9978 
A C/X • 1.91 + 0.0830 C r=0.9981 
• C/X - 2.21 + 0.0843 C r-.0.9983 
O C/X - 8.46 + 0.1060 C r-0.9965 
A C/X = 4.37 + 0.0973 C r-0.9967 
O C/X = 6.35 + 0.0920 C r-0.9993 
Figure 43. Langrauir isotherms for Pb adsorption by soils from the rotation plots from the CWRC 
site. Control plots (A, rep 1; B, rep 2) and N treatment plots (C, rep 1; D, rep 2), 
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Figure 44. Langmuir isotherms for Pb adsorption by soils from the rotation plots from the GPRC 
site. Control plots (A, rep 1; B, rep 2) and N treatment plots (C, rep 1; D, rep 2), 
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Figure 45. Langmuir isotherms for Zn adsorption by soils from the rotation plots from the CWRC 
site. Control plots (A, rep 1; B, rep 2) and N treatment plots (C, rep 1; D, rep 2), 
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Figure 46. Langmuir isotherms for Zn adsorption by soils from the rotation plots from the GPRC 
site. Control plots (A, rep 1; B, rep 2) and N treatment plots (C, rep 1; D, rep 2), 
where X is the amount of Zn adsorbed and C is the Zn concentration in the equilibrium 
solution 
Table 19. Metal adsorption maxima values derived from the Langmuir equation for soils from the CWRC 
and GPRC sites 







Cd Cu Ni Pb Zn 
RepI RepI I RepI RepII RepI RepII RepI RepII RepI RepII 
kg ha~^ 
Kanawha CCCC 0 4.07 4.41 4.33 4.78 4.15 4.50 10.2 10.7 4.61 3.89 
(CWRC) CCCC 180 3.88 3.69 4.33 3.94 5.41 5.03 10.4 9.40 4.81 3.80 
cscs 0 4.33 4.31 4.83 4.95 4.13 4.22 11.3 11.0 4.44 4.03 
cscs 180 4.41 4.15 4.69 4.20 4.46 4.65 11.2 10.3 4.95 3.06 
C(MM 0 4.02 3.98 4.59 4.22 4.29 4.67 10.5 9.60 4.57 3.89 
cmM 180 4.72 4.46 5.41 4.44 4.18 5.41 11.9 10.9 4.48 4.46 
Sutherland CCCC 0 2.74 2.71 2.94 3.36 3.52 4.35 7.41 8.06 3.01 3.64 
(GPRC) CCCC 200 1.72 2.24 2.52 2.60 4.37 3.85 6.41 7.19 3.98 3.65 
cscs 0 2.54 2.30 2.99 2.97 3.32 3.56 8.00 7.58 3.86 3.83 
cscs 200 2.35 2.48 2.98 2.92 5.78 4.18 7.30 7.52 3.48 3.15 
COMM 0 2.58 2.46 3.15 3.22 3.47 3.97 7.87 7.94 3.91 3.91 
COM 130 2.72 2.74 3.17 2.99 4.10 4.31 7.75 7.75 3.92 4.37 
^Kanawha, Webster silty clay loam; Sutherland, Galva silt loam. 
^C = corn; S = soybean; 0 = oats; M = meadow. 
Table 20. Metal bonding energy coefficient values derived from the Langmuir equation for soils from 
the OTRC and GPRC sites 







Cd Cu Ni Pb Zn 
RepI RepII RepI RepII RepI RepII RepI RepII RepI RepII 
kg ha ^ L mol'l 
Kanawha cccc 0 34.9 31.7 573 461 20.4 20.2 284 245 23.9 35.0 
(CWRC) cccc 180 26.1 23.2 196 231 9.45 9.26 102 125 14.9 15.6 
cscs 0 36.4 36.7 456 483 21.2 26.1 246 209 24.7 44.4 
cscs 180 46.0 28.3 1479 317 29.2 14.5 466 223 33.5 33.1 
COMM 0 32.7 27.1 320 375 17.0 13.5 175 237 19.0 22.0 
COMM 180 38.5 20.8 830 2123 34.6 10.1 381 145 48.0 14.2 
Sutherland cccc 0 19.6 24.6 149 183 9.88 8.91 81.3 91.9 19.9 16.0 
(GPRC) CCCC 200 14.3 14.8 63.2 105 4.33 6.29 44.8 50.9 5.47 8.80 
CSCS 0 23.0 26.3 200 150 10.8 10.6 79.1 85.2 11.9 11.5 
cscs 200 20.6 17.8 145 111 4.86 7.05 62.0 62.7 11.3 14.6 
COMM 0 22.8 27.1 157 241 10.6 10.3 85.2 83.4 11.5 14.4 
CŒM 130 20.9 16.9 161 133 8.79 7.94 95.6 65.5 13.8 9.10 
^Kanawha, Webster silty clay loam; Sutherland, Galva silt loam. 
= corn; S = soybean; 0 = oats; M = meadow. 
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Langmuir equation is a ratio of two BEC, values, one from the adsorbed 
species and the other from the desorbed species. Because the desorbed 
species will vary between different soils, Barter and Baker (1977) 
recommended that the simple Langmuir model not be used for comparison 
of BEC values of different soils. However, comparison between different 
metals within the same soil should be valid. 
Langmuir BEC values followed the sequence Cu > Pb > Cd = Ni = Zn 
for soils from the CWRC and GPRC sites (Table 20). These results show 
that Cu and Pb form much stronger bonds with soils than do Cd, Ni, and 
Zn. Also, these results may suggest Cu and Pb adsorption occurs at 
different adsorption sites than Cd, Ni, and Zn. 
Statistical analyses (ANOVA) were performed on the calculated 
adsorption maxima for metal adsorption by soils obtained from the two 
sites (Tables 21 and 22). Results showed that rotation or N fertiliza­
tion did not have a significant effect on adsorption maxima values of 
soils obtained from the CWRC site (Table 21). However, the effect of 
N fertilization on Cu and Pb adsorption maxima was significant at the 
5% level for the soils from the GPRC site (Table 22). 
Further statistical analysis was performed in order to explain the 
calculated Langmuir data of Table 19 with respect to soil properties. 
Correlation coefficients of the relationships between the soil proper­
ties and the Langmuir adsorption maxima for soils from the GPRC and CWRC 
sites are shown in Table 23. Large positive correlation coefficients 
significant at the 5% and 1% probability levels were found between many 
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Table 21. Analysis of variance of the effects of crop rotation and N 
treatment on metal adsorption maxima of soils from the CWRC 
site 
F values^ 
Source of , Adsorption maxima 
variation df" Cd Cu Ni Fb Zn 
Block 1 0.60 1.84 2.07 6.00 9.26 
Rot^ 2 4.20 1.12 1.24 3.53 0.27 
1 0.12 0.32 6.05 0.30 0.01 
Rot*N 2 10.73 2.45 0.73 6.20 0.28 
Contrasts® 
CI 1 8.39 2.23 1.41 6.50 0.02 
C2 1 0.00 0.00 1.07 0.56 0.53 
C3 1 0.12 0.32 6.05 0.30 0.01 
C4 1 13.8 1.13 1.44 3.89 0.01 
C5 1 7.69 3.78 0.02 8.51 0.55 
values > 6.61 or 16.26 are significant at 0.05 and 0.01 proba­
bility levels for variation sources having 1 df, respectively. F values 
> 5.79 or 13.27 are significant at 0.05 and 0.01 probability levels for 
variation sources having 2 df, respectively. 
^Degrees of freedom. 
^Crop rotation. 
^Nitrogen fertilization. 
^Contrasts: CI, CCCC vs. others; C2, CSCS vs. COMM; C3, +N vs. 
0 N; C4, CI X C3; C5, C2 x C3. 
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Table 22. Analysis of variance of the effects of crop rotation and N 
treatment on metal adsorption maxima of soils from GPRC site 
F values^ 
Source of , Adsorption maxima 
variation df" Cd Cu Ni Pb Zn 
Block 1 0.19 0.38 0.03 1.44 0.16 
Rot^ 2 2.33 3.75 0.17 3.24 3.45 
1 2.80 8.42 4.19 7.36 0.16 
Rot*N 2 7.22 4.44 1.33 1.65 3.55 
Contrasts® 
CI 1 2.19 4.81 0.03 5.42 1.84 
C2 1 2.48 2.70 0.32 1.06 5.05 
C3 1 2.80 8.42 4.19 7.36 0.16 
C4 1 13.8 8.75 1.21 3.03 3.42 
C5 1 0.67 0.14 1.44 . 0.26 3.69 
values > 6.61 or 16.26 are significant at 0.05 and 0.01 proba­
bility levels for variation sources having 1 df, respectively. F values 
> 5.79 or 13.27 are significant at 0.05 and 0.01 probability levels for 
variation sources having 2 df, respectively. 
^Degrees of freedom. 
''Crop rotation. 
^Nitrogen fertilization. 
^Contrasts: CI, CCCC vs. others; C2, CSCS vs. COMM; C3, +N vs. 
0 N; C4, CI X C3; C5, C2 x C3. 
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Table 23. Correlation coefficients of the relationships between soil 
properties and calculated metal adsorption maxima for soils 
from the CWRC and GPRC sites 
Correlation coefficient for the 
Soil adsorption maxima of the metal specified (r)^ 
property Cd Cu Ni Pb Zn 
Org C^ 0.90 0.86 0.47 0.88 0.50 
pHw^ 0.49 0.58 -0.29 0.52 0.26 
pHCa^ 0.64 0.71 -0.18 0.67 0.34 
Sand -0.93 -0.90 -0.38 -0.91 -0.50 
Silt 0.93 0.89 0.39 0.91 0.49 
Clay 0.81 0.83 0.31 0.82 0.50 
Exch Ca® 0.95 0.98 0.25 0.97 0.57 
Exch Mg® 0.79 0.75 0.31 0.75 0.31 
Exch K® 0.18 0.11 -0.13 0.13 -0.10 
Exch Na® 0.56 0.58 0.31 0.60 0.52 
CEC 0.91 0.88 0.53 0.89 0.58 
BS^ 0.78 0.82 -0.10 0.81 0.41 
^r Values > 0.41 and 0^52 are significant at 0.05 and 0.01 proba-
-bility levels, respectively. 
^Organic C content. 
^Soil pH (1:2.5, soil:water). 
•^Soil pH (1:2.5, soil:0.01 M aClg). 
^Exchangeable fraction determined from neutral, 1 ^  NH^OAc 
extraction. 
^Percent base saturation. 
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soil properties and metal adsorption maxima. In general, Cd, Cu, and 
Pb adsorption maxima had significant positive correlations with organic 
C content, soil pH, clay content, CEC, and percent base saturation (BS). 
Zinc adsorption maxima were significant, positive correlations with 
organic C content, clay content, CEC, and BS; Ni adsorption maxima were 
only significantly correlated with organic C content and CEC. 
Several of these soil properties are intercorrelated. For example, 
clay and organic matter affect CEC and percent base saturation, both 
of which are affected by pH. Therefore, the positive correlation of 
organic C content with adsorption maxima may be attributed to CEC 
properties of the organic fraction. Partial correlation coefficient 
(p) can be used to study this intercorrelation effect (Anderson and 
Christensen, 1988; Levi-Minzi et al., 1976; Singh and Sekhon, 1977). 
Several multiple regression models were used to obtain the partial 
correlation coefficients of interest (Table 24). In general, all 
2 
regression models had large R values and significant probability 
levels, indicating that meaningful p values could be derived from this 
analysis. It should be emphasized that these multiple regression models 
were not used for predicting metal adsorption but were developed only 
for calculating the P values. 
Partial correlation coefficients of selected soil properties and 
metal adsorption maxima for soils from the CWRC and GPRC sites derived 
from the multiple regression models of Table 24 are shown in Table 25. 
Significant simple correlation coefficients were found between Cd, Cu, 
2 
Table 24. Adjusted R values as affected by regression models 
2 
Regression Regression R value for metal specified 
model parameter Cd Cu Ni Pb Zn 
Y=CEC-ORGC «r 0.8455 0.7730 0.2172 0.8101 0.2697 
0.0001 0.0001 0.0294 0.0001 0.0142 
Y=CEC.CLAY R^ 0.8440 0.8180 0.2382 0.8320 0.2801 
P 0.0001 0.0001 0.0221 0.0001 0.0122 
Y=CEC.BS R^ 0.9304 0.9366 0.4445 0.9430 0.2834 
P 0.0001 0.0001 0.0008 0.0001 0.0116 
Y=pHCa*BS R^ 0.5679 0.6484 -0.0447 0.6265 0.0933 
P 0.0001 0.0001 0.6089 0.0001 0.1375 . 
= metal adsorption maximum; CEC = cation-exchange capacity; ORGC = Organic C; BS = percent­
age base saturation; pHCa = pH measured in 0.01 M CaClg. 
^Adjusted multiple regression correlation coefficient squared. 
^Probability level. 
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Table 25. Partial correlation coefficients (p) for the relationship 
between selected soil properties and metal adsorption maxima 
for soils from the CWRC and GPRC sites 
Partial 
correlation P for metal specified^ 
type Cd Cu Ni Pb Zn 
(y)ORGC.CEC 0.46 0.32 -0.03 0.38 -0.06 
(y)CEC.ORGC 0.47 0.45 0.28 0.46 0.33 
(y)CLAY'CEC 0.45 0.53 -0.17 0.49 0.14 
(y)CEC'CLAY 0.77 0.69 0.48 0.73 0.34 
(y)BS'CEC 0.80 0.87 -0.54 0.86 0.15 
(y)CEC'BS 0.92 0.91 0.70 0.92 0.46 
(y)pH'BS -0.09 0.00 -0.19 -0.12 -0.04 
(y)BS'pH 0.58 0.59 0.12 0.62 0.25 
^p Values > 0.41 and 0.52 are significant at 0.05 and 0.01 proba­
bility levels, respectively. 
^Multiple regression model described in Table 24. 
Ni, Pb, and Zn adsorption maxima and organic C content (Table 23). 
Significant partial correlation coefficient of the relationship between 
metal adsorption maxima and organic C content, keeping CEC constant 
((y)ORGC'CEC), were obtained for Cd (2 = 0.05) and Pb (P = 0.10). In 
addition, p values of the relationship between metal adsorption maxima 
and CEC, holding organic C content constant, were significant at the 5% 
level for Cd, Cu, and Pb. Therefore, Cu adsorption maxima are related 
to organic C content predominantly through its CEC property. In 
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addition to the CEC property of the organic fraction, Cd and Pb 
adsorption maxima are related to organic C content through an additional 
property (maybe formation of insoluble organic precipitates or chelated 
compounds). 
Significant simple correlation coefficients were found between Cd 
and Zn adsorption maxima and clay content (Table 23). Both significant 
(y)CLAY»CEC and (y)CEC*CLAY p values for Cd adsorption maxima suggest 
that the relation between Cd adsorption maxima and clay content is 
through its CEC property and an additional property. Although the p 
values of (y)CEC'CLAY are not significant at the 5% level, the results 
suggest Zn adsorption maxima are related to clay predominantly through 
its CEC property. 
Significant simple correlation coefficients between Cd, Cu, Pb, 
and Zn adsorption maxima and percent base saturation (BS) were also 
found. Percent base saturation is a function of several properties, 
including çoil CEC and indirectly soil pH. Significant Cd, Cu, Pb, and 
Zn (y)CEC'BS P values (<5% level) explain part of the relationship of 
metal adsorption and BS (BS values can be directly attributed to CEC). 
However, significant Cd, Cu, and Pb (y)BS'CEC p values show that CEC 
alone cannot explain this relationship, but a nonsignificant p value 
for Zn suggests BS is only related to Zn adsorption maxima through its 
CEC property. In addition, p values of the relationship between metal 
adsorption maxima and BS, holding pH constant (Table 25), suggests that 
soil pH alone cannot explain the metal adsorption relationship with BS. 
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In summary, in addition to soil pH and CEC, Cd adsorption maxima 
are correlated with additional organic, clay, and BS properties. Copper 
and Pb adsorption are related to soil pH, CEC, and additional BS 
properties. Nickel adsorption maxima are correlated with CEC, and Zn 
adsorption maxima are correlated with CEC and additional organic 
properties. 
Many metal adsorption studies have described the strong relation­
ship of metal adsorption to soil pH and CEC. Soil pH has been found 
to be the predominant soil property that described Cu, Zn, and Cd 
adsorption by soils (Kuo and Baker, 1980). Other studies have shown 
soil CEC to be the predominant soil property affecting adsorption of 
Pb (Hassett, 1974; Soldatini et al., 1976), Cd (Haghiri, 1974; Singh, 
1979), and Zn (Shuman,1975) by soils. Other soil properties correlated 
with metal adsorption (e.g., organic matter and clay content) affect 
metal adsorption through their CEC property (Haghiri, 1974; Hassett, 
1974; Soldatini et al., 1976). Several studies have shown metal 
adsorption by soils is best described by soil CEC and pH for Zn 
(Sharpless et al., 1969) and for Pb (Zimdahl and Skogerboe, 1977). 
Harter (197.9) found base saturation was the best predictor of Pb and 
Cu adsorption, presumably through soil CEC and pH. 
Competitive-Metal Adsorption Isotherms 
Competitive adsorption isotherms were studied by equilibrating soil 
with solution containing 200, 1000, or 2000 liM each of Cd, Cu, Ni, Pb, 
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and Zn. One representative soil was selected from the CWRC site and 
one from the GPRC site. Adsorption vs. pH curves were constructed by 
adjusting each soil-metal concentration mixture to a designated pH 
before equilibration. The results obtained are shown in Figure 47 for 
a soil from the CWRC site and Figure 48 for a soil from the GPRC site. 
Metal affinity for both soils was found to follow the sequence Pb > Cu 
> Ni 2 Cd = Zn. Several other metal adsorption studies have reported 
similar results (Table 26). In general, the results obtained in this 
study and those summarized from other studies (Table 26) show that Pb 
and Cu metal adsorption is much greater than Cd, Ni, and Zn adsorption. 
The exact sequence of these metals is dependent upon the soil or soil 
component and experimental conditions. The two mechanisms commonly used 
to explain the relative affinity sequences are the metal hydrolysis 
model and ion-exchange model. 
In the metal hydrolysis model, metal adsorption is dependent upon 
adsorption of metal hydrolysis products (MOH^). These complexes are 
more strongly adsorbed than the divalent free metal cations. James and 
Healy (1972) have suggested that this occurs through formation of a more 
favorable thermodynamic hydroxo-complex that is easier to adsorb than 
the free metal cation. Metal adsorption sequences are explained by the 
tendency to form MOH^ complexes at a given solution pH. Thus, metal 
adsorption sequences would be dependent upon their respective pK values 
(in parentheses) as follows: 
Pb(6.2) > Cu(8.0) > Zn(9.0) > Ni(9.9) > Cd(lO.l) . 
Figure 47. Effect of pH on competitive metal adsorption by a soil 
sample from a continuous corn rotation plot treated with 
N (rep 2) at the CWRC site. Metal adsorption from: A = 
200 pM of each metal; B = 1000 pM of each metal; C = 2000 
liM of each metal 
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Figure 48. Effect of pH on competitive metal adsorption by a soil 
sample from a continuous corn rotation plot treated with 
N (rep 2) at the GPRC site. Metal adsorption from: A = 
200 yM of each metal; B = 1000 pM of each metal; C = 2000 
pM of each metal 
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Table 26. Heavy metal affinity series for adsorption of metals by soils and soil components 
Material Relative affinity 
Adsorption 
mechanism Reference 
Silicate clays Pb>Cd=Ca Ion-exchange Bittell and Miller (1974) 
Peat Pb>Cu>Cd=Zn>Ca Ion-exchange Bunzyl et al. (1976) 
Soil Pb>Cu>Zn>Cd Metal hydrolysis Elliott et al. (1986) 
Goethite Cu>Pb>Zn>Cd Metal hydrolysis Forbes et al. (1976) 
Soil Pb>Cu>Zn>Ni Metal hydrolysis Barter (1983) 
Fe oxides Pb>Cu>Zn>Cd Metal hydrolysis Kinniburgh et al. (1976) 
Fe oxide clays Zn>Ni>Cd Metal hydrolysis Tiller et al. (1984) 
Silicate clays Zn»Ni=Cd Ion-exchange Tiller et al. (1984) 
Soils Cu»Zn>Ni>Cd Ion-exchange Tyler and McBride (1982) 
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This model is commonly used to explain metal adsorption onto goethite 
or soils high in Fe oxides. 
Many studies have shown that metal adsorption affinity sequences 
can be explained by ion-exchange reactions with soil CEC. Although it 
is well known that the ability of a metal to occupy CEC sites is 
dependent upon its charge (i.e., > M"*"), it is much more 
difficult to explain metal affinity or replacement series between 
divalent metals that include transition and heavy metals. Sullivan 
(1977) suggested the principle of hard soft acids and bases (HSAB) 
theory of Pearson (1963) to describe cation selectivity in the soil 
system. The HSAB theory can be summarized as hard acids tend to 
associate with hard bases and soft bases with soft acids. Many silicate 
clay ion-exchange sites can be considered soft bases (relative to water) 
and metals as soft or hard acids. According to the HSAB theory, metals 
on the CEC sites should be replaced by "softer" metals. Misono softness 
values (Misono et al., 1967) can be used as numerical estimates of 
"softness." Therefore, cation selectivity based on this model for 
several divalent metals would be as follows (Misono softness values in 
parentheses): 
Pb2+(3.58) > Cd2+(3.04) > Cu^'^(2.89) > Ni^"^(2.82) > Zn2+(2.34) 
> Ca2+(1.62) . 
Several factors including selectivity of the exchange material would 
invariably produce different affinity sequences so that a single 
universal order for cation selectivity cannot be achieved (Sullivan, 
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1977). However, with the exception of Cd, the HSAB model does predict 
results of this work and several other studies. Other work has 
suggested that the use of both CEC and metal hydrolysis models are 
necessary to explain cation selectivity of cation-exchange materials 
in soils (Abd-Elfattah and Wada, 1981). 
Regardless of the mechanism. Figures 47 and 48 show metal adsorp­
tion increased with solution pH for all metals studied. In general, 
adsorption of Cd, Ni, and Zn increased rapidly at pH > 5.5. This may 
be attributed to an increased number of exchange sites created from pH-
dependent CEC at higher pH levels, removal of and Al^^ from CEC sites 
allowing metals with lower affinity to bind, or a combination of both 
these factors. 
The CEC values of the soils in Figures 47 and 48 were 40.3 and 32.9, 
cmol (NH^^) kg ^ soil, which correspond to a maximum divalent metal-
holding capacity of 200 and 165 ramol kg ^, respectively. Adsorption 
of 100% of all five metals from the initial metal concentration of 200, 
1000, and 2000 pM would correspond to metal adsorption of 25, 125, and 
250 mmol kg ^, respectively. The total metal adsorption from the 2000 
liM initial metal concentration solution in Figure 47 was 187 mmol kg~^ 
and from Figure 48 was 156 mmol kg ^. Therefore, it is possible that 
all metals could be retained by the soil CEC sites. However, previous 
results in Figures 25 and 26 suggested potential precipitation of Pb 
(pH > 6-6.5), Zn (pH > 6.5-7) and maybe Cu (pH > 6.5). This may also 
explain part or all of the increased metal adsorption at high 
equilibrium solution pH. 
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The results of Figures 47 and 48 are summarized in Table 27. In 
general, as the initial metal concentration increased, competition 
between metals for exchange sites was enhanced resulting in larger 
differences in adsorption of each metal. With the exception of Ni, the 
affinity sequence was not altered but the magnitude of the differences 
did. At lower initial metal concentration, Cd was equally or slightly 
preferentially adsorbed over Ni. However, at higher metal concentra­
tions, Ni was preferentially adsorbed over Cd showing a reversal of 
affinity of these two metals. 
Comparison of single-metal adsorption with competitive-metal 
adsorption of each metal is shown in Figure 49 for a soil from the CWRC 
site and Figure 50 for a soil from the GPRC site. In general, at low 
initial metal concentration (200 jjM), there was very little difference 
between single or competitive metal adsorption. The much lower metal 
adsorption for competitive adsorption as compared to single-metal 
adsorption for the 1000 pM initial metal concentration can be attributed 
to increased competition of metals for common adsorption sites. The 
decrease in the magnitude of metal adsorption follows the sequence: 
Zn = Cd > Ni > Cu > Pb—the inverse of the metal adsorption affinity 
series of Figures 47 and 48 shown before. The 2000 |jM initial metal 
concentration enhanced the differences between single-.and competitive-
metal adsorption as a function of pH. The differences between single 
and competitive adsorption narrowed as the solution pH increased until 
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Figure 49. Effect of equilibrium solution pH on single-metal adsorption by a soil sample obtained 
from a continuous corn rotation plot treated with N (rep 2) at the (MRC site (open 
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Table 27. Heavy metal affinity series • 
soils from the CWRC and GPRC 




concentration Adsorption series 












^CWRC, Figure 47; GPRC, Figure 48. 
they were equal. The pH at which this occurred may indicate metal 
precipitation. The pH at which this occurred was as follows; 
Site Cu Pb Zn Ni Çd 
CWRC 6 5.8 >7 >7 >8 
GPRC 5.5 5.5 6.5 5.5 6.5 
These values are in fair agreement with suggested pH levels where 
precipitation may occur for Pb (pH > 6.5), Zn (pH > 6.5-7), and Cu (pH 
> 6.5) derived from Figures 27 and 28. 
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SUMMARY AND CONCLUSIONS 
Because of their potential toxicity to living systems, the cycling 
of many trace metals through the soil-plant pathway are of great sig­
nificance to human health. Therefore, knowledge of chemical processes 
in soils that govern trace metal availability and mobility to plants 
and chemical methods that provide evaluation of trace metal levels in 
soils are of importance. 
Determination of total metal content in soils can be used to 
monitor changes in the food chain and potential detrimental effects of 
these metals on plants, animals, and man. Also, determination of total 
metal content in sewage sludge is commonly performed to: (1) determine 
its suitability for land application and (2) determine the amount of 
sewage sludge that can be applied to land over a period of time. 
Although application of ion chromatography (IC) for metal determination 
in soils and sewage sludges would be useful, no information on the use 
of IC for determination of transition and heavy metals in these 
materials is available. 
Cropping systems have profound effects upon chemical, biological, 
and physical properties of soils. Therefore, crop rotation and soil 
management practices could have a profound effect on trace metal avail­
ability and mobility in soils. Although information is available on 
the effect of cropping systems on several soil properties, there is 
little information on the effect of cropping systems on metal adsorption 
by soils. 
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The objectives of this study were: (1) to develop a method for 
determination of total metals in soils by IC, (2) to evaluate this 
method for determination of total metals in sewage sludges, and (3) to 
study the effect of cropping systems on adsorption of metals by soils. 
The findings can be summarized as follows: 
1. An accurate and precise IC method was developed for determina­
tion of total Cu, Ni, and Zn in soils. The IC method consists of three 
steps: (a) digestion of the soil sample by using HNO^, HCIO^, and HF; 
(b) extraction of the metals of interest by using dithizone in CHCl^; 
and (c) destruction of the metal-dithizonate complexes with HNOg and 
determination of the metals by IC. Determination of the metals was 
accomplished by separation of the metals on guard (HPIC-CG5) and 
separator (HPIC-CS5) columns followed by postcolumn reaction with 
A-(2-pyridylazo)resorcinol (PAR) to form metal complexes by a UV-VIS 
detector at 520 nm. Two eluent systems were employed: Cd, Cu, Ni, Pb, 
and Zn were determined by using 2,6-pyridinedicarboxylic acid (PDCA) 
as an eluent; and Cu, Ni, Pb, and Zn were determined by using oxalic 
acid as an eluent. The IC method was evaluated by comparing its results 
with those obtained by AA for Cu, Mn, Ni, Pb, and Zn in the metal-
dithizone digests. The results obtained with 14 soils for total Cu, 
Mn, and Zn by the IC method using PDCA as an eluent and for total Cu, 
Ni, Pb, and Zn by the IC method using oxalic acid as an eluent agreed 
closely with those obtained by AA. However, tests showed that the 
dithizone extraction procedure of the IC method showed poor recovery 
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of Mn and Pb from soil-HClO^ digests. Therefore, the IC method can be 
used for the accurate determination of only total Cu, Ni, and Zn in 
soils. The IC method is as precise as AA as shown by the close agree­
ment of the results obtained for Cu, Ni, and Zn in soil digests after 
dithizone extraction for seven replicated digestions and analyses for 
four soils. Also, comparison of the results obtained for these metals 
in soil-HClO^ digests by the AA method (i.e., before dithizone extrac­
tion) agreed with those obtained for the metals in metal-dithizone 
digests by IC and AA methods (i.e., after dithizone extraction), indi­
cating that the dithizone extraction step of the IC method did not 
result in a significant loss of precision. Results also showed that 
the IC method developed has a high degree of precision for replicate 
analyses of a single sbil digest. The IC method has comparable 
sensitivity to flame AA for determination of several transition and 
heavy metals. In addition, low detection limits can be obtained by the 
IC method for Cu, Ni, and Zn in soils. 
2. An accurate and precise IC method was developed for determina­
tion of total Cu, Mn, Ni, Pb, and Zn in sewage sludges. Results of the 
IC method were accurate as shown by their close agreement with those 
obtained by AA. The results obtained with 14 sewage sludges for total 
Cu, Mn, and Zn by the IC method using PDCA as an eluent and for total 
Cu, Ni, Pb, and Zn by the IC method using oxalic acid as an eluent 
agreed closely with those obtained by AA. The IC method is as precise 
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as AA as shown by the close agreement of the results obtained for Cu, 
Mn, Ni, Pb, and Zn in sewage sludge digests after dithizone extraction 
for seven replicated digestions and analyses for several sewage sludges. 
Also, comparison of the results obtained for these metals in sewage 
sludge-HClO^ digests by the AA method (i.e., before dithizone extrac­
tion) agreed with those obtained for the metals in metal-dithizone 
digests by IC and AA methods (i.e., after dithizone extraction), indi­
cating that the dithizone extraction step of the IC method did not 
result in a significant loss of precision. Results also showed that 
the IC method developed has a high degree of precision for replicated 
analyses of a single sewage sludge digest. 
3. The effect of cropping systems on adsorption of metals was 
studied for Webster silty clay loam soil of the Clarion-Webster Research 
Center (QVRC) and for Galva silt loam soil of the Galva-Primghar 
Research Center (GPRC). Results obtained for soils from both ŒRC and 
GPRC sites showed that soils that had continuous corn rotations and N 
treatment showed lower metal adsorption than the continuous corn without 
N treatment and other rotations (corn-soybean-corn-soybean and corn-
oats-meadow-meadow) with and without N treatment. Furthermore, metal 
adsorption by soils of the continuous corn without N treatment and other 
rotations with and without N treatments were approximately equal. In 
general, crop rotation and N fertilization had no significant effect 
on the properties of the soils from the CWRC site. However, crop rota­
tion and N fertilization had significant effects on properties of soils 
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at the GPRC site. Crop rotation had a significant effect on organic 
C content and soil pH (0.01 M CaCl2)» whereas N fertilization signifi­
cantly affected (2 < 0.01) soil pH, exchangeable base saturation, and 
several exchangeable bases of these soils. In addition, results showed 
that the effects of rotation upon organic C content and soil pH (0.01 M 
CaClg) were different among the rotations. 
4. Results showed a strong relationship between soil solution pH 
and metal adsorption. In general, metal adsorption increased with soil 
solution pH. A decrease in solution pH with increasing initial metal 
concentration was observed for all soils and metals. Furthermore, the 
metal adsorption isotherm trends, as affected by crop rotation and N 
fertilization, exactly paralleled equilibrium solution pH vs. initial 
metal concentration trends. Application of ammoniacal N fertilizer 
resulted in lower soil pH values as compared with soils from the control 
plots. Therefore, the effect of N fertilization on metal adsorption 
is a direct,consequence of the effect of N fertilization on soil pH. 
Experiments indicated that metal adsorption by soils under different 
crop rotations and N fertilization can be described mainly by 
equilibrium solution pH (i.e., the differences observed in metal 
adsorption by soils under different crop rotations and N fertilization 
for each research site can be attributed to soil solution pH). 
5. Results obtained when the soil-solution was adjusted to 
different pH values showed a gradual increase in metal adsorption at 
high equilibrium solution pH. Both the initial gradual increase and 
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the rapid increase in metal adsorption were increased with increasing 
initial metal concentration. Comparison of metal adsorption pH data 
with solubility diagrams suggested the differences in metal adsorption 
between soils under various crop rotations are likely due to adsorption-
desorption reactions and not precipitation-dissolution reactions. 
6. Results showed that calculated metal distribution coefficients 
(log Kj values) were significantly correlated (P < 0.01) with solution 
pH for all metals studied. These results suggested that part or all 
of the effect of solution pH on metal adsorption by soils can be 
attributed to competition of protons with metal ions for cation-exchange 
sites in soils. In general, proton coefficient values (a values) 
followed the sequence: Pb > Cu > Cd = Ni = Zn. Proton coefficient 
values of <2 (ranging from 0.288 to 1.45) were obtained and suggested 
that, in addition to simple ion-exchange reactions between metal ions 
and protons, several other simultaneous reactions occurred during metal 
adsorption. Therefore, the reported a values represent a "net" release 
of during adsorption of metals and do not simply reflect the protons 
displaced by adsorption of metal ions. 
7. Results showed that when soils were grouped according to 
initial metal concentration, linear relationships existed between amount 
of metal adsorbed and equilibrium solution pH for all metals and soils 
studied. Furthermore, the slopes of these lines increased with 
increasing the initial metal concentration. Also, relationships between 
slopes of the amount of metal adsorbed vs. equilibrium solution pH and 
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initial metal concentration were found for soils from the soils of the 
two sites studied. Linear relationships were found between the slopes 
of the Cd, Ni, and Zn adsorption vs. equilibrium solution pH and initial 
metal concentration for soils from the two lonR-term rotation sites. 
Although linear relationships were found between Cu and Pb adsorption 
vs. equilibrium solution pH and initial metal concentration for soils 
for the GPRC site, quadratic relationships were found for soils from 
the CWRC site. 
8. Results showed that when soils were grouped by initial metal 
concentration, linear relationships existed between log and 
equilibrium solution pH for all metals and soils studied. In addition, 
relationships between the slopes of log vs. solution pH plots (a 
values) and initial metal concentration were found. Linear 
relationships were found between the a values and the fraction of the 
CEC occupied by adsorbed Cd, Ni, and Zn for soils from the two sites. 
Although the relationship between the a values and the fraction of the 
CEC occupied by Cu (Cu/CEC) was linear for Cu for the soils from the 
GPRC site, the relationship between the cx values and Cu/CEC was not 
linear for the soils from the CWRC site. Quadratic relationships were 
found between the a values and Pb/CEC for soils from the CWRC and GPRC 
1 2+ 
sites. The H /M ratios (a values) were found to decrease with 
increasing surface coverage for adsorbed Cd, Cu, Ni, and Zn by soils 
from the GPRC site and for adsorbed Cd, Ni, and Zn by soils from the 
CWRC site. Because a decrease of solution pH was observed with 
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increasing surface coverage, these results suggested that a values 
decreased with decreasing pH. If the dominant adsorbed species changed 
from more strongly held on the soil CEC (e.g., A1 ) to easily replaced 
from the soil CEC as the solution pH increased, the above results are 
consistent with an ion-exchange mechanism between protons and metal 
ions. Otherwise, the decrease of a values with increasing surface 
coverage may be attributed to metal adsorption at different binding 
sites. Adsorption of metals by high affinity sites at low surface 
coverage followed by adsorption of metals by low affinity sites at high 
surface coverage could be an explanation of these results. However, 
a values were found to increase with increasing surface coverage for 
adsorbed Cu and Pb for soils from the ŒRC site and were found to 
increase and then decrease with increasing surface coverage for soils 
from the GPRC site. These results suggest behavior of the adsorption 
of Cd, Cu, Ni, and Zn by soils from the GPRC site were similar and the 
behavior of. adsorption of Cd, Ni, and Zn by soils from the CWRC site 
were similar. In addition, adsorption behavior of Cd, Ni, and Zn by 
soils from both sites were similar and this behavior was different than 
that observed for Pb adsorption by these soils. 
9. Results showed that the metal adsorption data obtained in this 
study in accordance with the Langmuir equation produced linear graphs 
with correlation coefficients close to 1.0 for all metals and soils from 
both sites. Langmuir adsorption maxima values followed the sequence 
Pb > Cu >_ Ni = Cd = Zn, and Langmuir bonding energy coefficient values 
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(BEC values) followed the sequence Cu > Pb > Cd = Ni = Zn for soils from 
the two sites. The BEC results show that Cu and Pb form much stronger 
bonds with these soils than do Cd, Ni, and Zn. Also, these results may 
suggest Cu and Pb metal adsorption occurs at different adsorption sites 
than Cd, Ni, and Zn. Significant positive correlation coefficients were 
found between many soil properties and metal adsorption maxima. After 
removal of intercorrelation effects between soil properties by using 
partial correlation coefficients, results showed that, in addition to 
soil pH and CEC, Cd adsorption maxima are correlated with additional 
properties (e.g., organic C, clay, and base saturation); Cu and Pb 
adsorption are related to soil pH, CEC, and BS properties; Ni adsorption 
maxima are correlated with CEC; and Zn adsorption maxima are correlated 
with CEC and organic C soil properties. 
10. In general, competitive adsorption of metals was found to 
follow the sequence Pb > Cu > Ni 2 Cd = Zn. Although metal hydrolysis 
reactions may be involved in adsorption of these metals, the results 
cannot be explained by metal hydrolysis alone. However, with the 
exception of Cd, the cation selectivity of the observed metal affinity 
sequence can be explained by the hard soft acid bases (HSAB) model. 
Therefore, the use of both CEC and metal hydrolysis models may be 
necessary to explain the cation selectivity of the observed metal 
affinity sequence. In general, as the initial metal concentration 
increased, competition between metals for exchange sites was enhanced, 
resulting in larger differences in adsorption of each metal. With the 
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exception of Ni, the affinity sequence .was not altered, just the 
magnitude of the differences. At lower initial metal concentration, 
Cd was equally or slightly preferentially adsorbed over Ni. However, 
at higher metal concentrations, Ni was preferentially adsorbed over Cd, 
showing a reversal of affinity of these two metals. In addition, 
results showed lower metal adsorption for competitive adsorption as 
compared with single metal adsorption. This can be attributed to 
increased competition of metals for common adsorption sites. 
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